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a b s t r a c t

Polycrystalline boron nitride thin films deposited at low temperatures (o200 1C) are shown here to be

well adapted for anti-reflection coating of solar cells. The analyses of the optical properties reveal a

nearly constant index of refraction (�2.8) and negligible transmission losses over the useful range of

the solar spectrum. Boron nitride thin films are found to be well adapted for integration as anti-

reflection coating layers in multi-junction terrestrial and space solar cells due to their spectral stability,

their robust ceramic nature and a fairly wide bandgap (6.2 eV). Test fabrication of double layer MgF2/BN

anti-reflection coating on GaAs and Si demonstrated minimal reflection losses (o5%) over a wide window

of the solar irradiance (1.1–3 eV).

& 2010 Published by Elsevier B.V.

1. Introduction

The surface of common semiconductor solar cell materials
such as silicon (Si) and gallium arsenide (GaAs) reflect back a
significant portion of the incident sunlight (�30%) [1,2]. These
reflection losses are generally minimized by the use of
anti-reflection coatings (ARC) that consist of one or more thin
films carefully chosen for their thicknesses and refractive indexes
and deposited on the top surface of solar cells [3,4]. Examples of
commonly used ARCs in solar cell fabrication are oxides (silicon
oxi-nitrides, TaO, etc.) and MgF2/ZnS. The latter is often used as a
double layer ARC as it provides an ideal index match for solar cells
with bandgaps ranging from 0.7–2 eV. A major shortcoming to
most existing ARC schemes is the degradation of the device
performance as a result of premature aging of ARC materials and
the added complexity associated with protective encapsulation. It
is highly desirable for an ARC material to be chemically inert and
abrasion resistant for long duration (20–30 yr) exposure
to natural elements. In addition, it’s fabrication process
(e.g. deposition temperature) must be compatible with that of
solar cells and it must exhibit a high temperature stability and
chemical compatibility with the solar cell material to avoid the

undesirable degradation (cross-diffusion, doping, sublimation,..)
during high temperature welding/soldering of solar cell panels.

Boron nitride (BN) displays a wide bandgap of 6.2 eV. It is a
ceramic material [5] with exceptional chemical and thermal
stability [6] and hardness (comparable to diamond) [7]. BN layers
have been used as high temperature dielectrics [8], electron field
emitters [9], coatings for tribological applications [10], and as
interfacial layers for optoelectronic devices [11]. However, the
synthesis of high quality BN films is generally implemented at
relatively high temperatures [12] that are marginally compatible
with solar cell manufacture. In this work the optical properties of
BN films deposited at relatively low temperature and their
suitability for ARC application is investigated.

2. Material and methods

Polycrystalline hexagonal BN thin films were grown on n-type
GaAs (1 0 0) and Si (1 0 0) substrates in a high vacuum reactor by
ion assisted physical vapor deposition at relatively low substrate
temperatures (150oTo250 1C). An electron beam was used to
evaporate high purity boron while a quartz crystal rate monitor
was used to control the deposition. The nitrogen species were
delivered by a gridless End Hall ion source (Commonwealth
Scientific Mark II) fed with high purity (99.9999%) N2. The N2 flow
through the ion source was kept constant at 2.5 sccm and is
proportional to the flux density of the nitrogen beam. It consists of
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a mixture of N+
2 and N+ species with typical N+

2 /N+ =6. The ion
beam current and energy were maintained at 110 mA and 45 eV,
respectively. An evaporation rate of approximately 0.2 Å/s for
boron yielded the maximum surface nitrogen content with high
uniformity. In situ Auger electron spectroscopy (AES) measure-
ment was performed to check the cleanness of the substrate prior
to deposition. The surface stochiometry of deposited films was
extracted from peak heights of the Auger KLL boron and nitrogen
transitions [13]. A specular morphology with an RMS roughness of
less than 2.5 nm was extracted from atomic force microscopy
(AFM) analysis for the BN films prepared in these conditions.

The optical properties of BN/GaAs and BN/Si thin films were
analyzed by spectroscopic ellipsometry using a J.A. Woollam
M2000D ellipsometer. The wavelength dependency of the real (n)
and imaginary (k) parts of the complex refractive index was
extracted through direct comparison of the samples responses to
those of GaAs and Si substrates. A model based on the effective
medium approximation [14] was used to extract the films optical
constants. The structural model included a thin ‘‘intermixing’’
layer representing a 50/50 mixture of the adjoining materials. The
model also included a surface roughness layer, an intermix layer
between the slightly non-planar surface of the film and the
ambient.

3. Results and discussion

The wavelength dependency of the refractive index (n) and the
extinction coefficient (k) of the fabricated BN film are represented
in Fig. 1. The value of the BN refractive index (2.8 at 2 eV) for films
deposited on GaAs or Si is slightly higher than those reported in
the literature for cubic-BN (2.1 at 2 eV) and wurtzite-BN (2.05 at
2 eV) [15,16]. The refractive index remains somewhat constant
over the 0.7–6 eV range (�2.7–2.9). It increases linearly from 2.7
to about 2.8 between 0.7 and 1.5 eV, where it reaches a plateau
and remains constant up to 3.8 eV. It then increases to reach a
value of 2.9 at 4 eV from which point it monotonically decreases
to reach a value of 2.5 at 6 eV. For comparison purpose the index
of refraction of ZnS thin film, which are commonly used in
conjunction with MgF2 for high-end efficiency demonstrator
devices [17], is also represented. An interesting and promising
aspect of this result comes from the fact that the refractive index
of BN, unlike ZnS, stays fairly constant for a large span of the

electromagnetic spectrum, a welcome development that can lead
to a lower and wider light transmission window. Surprisingly,
these BN films exhibit a somewhat elevated extinction coefficient
(Fig. 2), suggesting absorption of photons in the ultra violet.
However, considering typical material thicknesses in ARC
applications (50–100 nm) the resulting overall attenuation of
the incident sunlight appears to be negligible.

The index of refraction of the BN films developed here appear
to indicate that BN is an interesting candidate for use as
an intermediate layer between the indexes of GaAs (3.94 at
2 eV) [2–18] or Si (3.98 at 2 eV) [1] and those of cover glass (SiO2)
or other low refractive index dielectrics [19]. To evaluate the
suitability of BN for ARC applications, we have opted to use
magnesium di-fluoride (MgF2, n=1.38 at 2.0 eV ) as a top
component of the ARC. First a Fortrans based simulation code
using a transfer matrix method similar to the one developed by
Aroutiounian et al. [20] was implemented to predict the
reflectance spectra of different thickness of ARC layers (BN,
MgF2) deposited on different substrates (GaAs, Si). We then
numerically evaluated the best layer thickness combination for
BN and subsequent MgF2 film by taking into account our
experimental (n, k) values for BN films and those reported in
the literature for MgF2[19], GaAs [18] and Si [1]. The predicted
reduction of reflectance losses associated with the implementa-
tion of optimal MgF2/BN bilayer ARC deposited on GaAs (dotted
black line) and Si (solid black line) are represented in Fig. 3 and
compared to those of bare GaAs and Si (gray lines in Fig. 3).

Fig. 1. Energy dependence of the refractive indexes of BN films deposited at 200 1C

on GaAs as extracted from ellipsometry measurements (solid line). For comparison

purpose the index of refraction of ZnS (dashed line) is also represented.

Fig. 2. Energy dependence of the extinction coefficient of BN films deposited on Si

and GaAs as extracted from ellipsometry measurements.

Fig. 3. Reflectance simulations using measured n and k values for MgF2 (940 Å)/BN

(630 Å) on Si (solid black line) and MgF2 (860 Å)/BN (590 Å) on GaAs (dashed black

line). Si (dotted line) and GaAs reflectances (dashed and dotted line) as extracted

from Refs. [1,2,19] are also represented.
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In order to experimentally validate these predictions we
fabricated a double layer MgF2/BN ARCs on GaAs and Si substrates
using optimal sets of thickness as extracted from simulations.
Following the deposition of 60 nm BN on GaAs and Si substrates,
MgF2 thin films (�100 nm) were deposited by thermal evapora-
tion of MgF2 at a rate of 3 A/sec using a previously established
procedure for the manufacture of space solar cells [21]. The
corresponding reflectance spectra of the stacks were then
measured by near-normal reflectance spectrometry. A tungsten
halogen broad-spectrum white light source was used to illumi-
nate the samples and the reflected light was focused at the
entrance slit of a Jobin–Yvons Triax 320 monochromator. A lock-
in technique was used to measure the intensity of the reflectance
signal detected by a silicon photo detector placed at the exit slit of
the monochromator. The useful range of the reflectance spectra
was limited to below 2.7 eV due to the poor blue/UV spectral
composition of the light source. The subsequent experimental
reflectance analysis confirmed the predicted ARC attributes of
MgF2/BN bilayers. An example of these analyses is shown in Fig. 4.
The integrated reflective losses were found to be less than 3% over
the 1.4–2.8 eV range (and less than 2% in the 1.8–2.5 eV window)
demonstrating the effectiveness of the low temperature BN layers
for ARC applications.

4. Conclusions

In summary, we have investigated the optical properties of BN
films formed at relatively low temperatures and have experimen-
tally demonstrated that these BN films are suitable, and in fact
desirable, materials for anti-reflective applications of silicon and
compound semiconductor photovoltaic materials. The inherent
chemical, thermal, and structural stability and hardness make
BN a material of choice for particularly hostile/harsh environ-

ments. In addition, these films could also be adapted to other
optoelectronic applications.
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