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Abstract. Reflectivity simulation is an essential tool for the design and optimization of
optical thin films. We have developed a reflectivity simulator for non-absorbing dielectric
multilayer optical thin films using LabVIEW. The name of the substrate material as well
as the material and thickness of each layer of the multilayer stack are fed into the program
as input parameters in a pop-up window. The program calculates reflectivity spectrum
for the given range of wavelengths using layer thicknesses and dispersion data of refractive
indices for the defined stack of dielectric materials. The simulated reflectivity spectra
for various combinations of materials in multilayer stacks are presented and compared
with the experimental results of the multilayer optical thin films grown by electron-beam
evaporation technique.
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1. Introduction
Multilayer optical thin film coatings have been extensively used for reflectivity
modulation in various optical and optoelectronic components. These include antireflection (AR) and high-reflection (HR) coatings on laser diode facets [1,2], AR
coating on lenses of camera and telescope [3], and fabrication of polarizing beam
splitters [4] and various optical filters. The multilayer optical coating usually consists of a stack of several layers of non-absorbing dielectric materials with different
refractive indices. The reflectance of such a film depends on the constructive or
destructive interference of light reflected at successive boundaries of different layers
of the multilayer stack. So, the choice of an appropriate sequence of these layers
with suitable dielectric materials and their thicknesses that best satisfy the desired spectral response for the application is a crucial issue. Thus, to design the
multilayer dielectric thin films and to optimize their coating conditions, a reflectivity spectrum simulation of these optical thin films is an essential tool. Various
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numerical simulations have been successfully applied in the design and synthesis of
multilayer optical thin films with predetermined spectral response [5–7].
We have developed a simulation program for the reflectivity spectrum of nonabsorbing dielectric multilayer optical coatings using LabVIEW (laboratory virtual
instrument engineering workbench) (version 8.2). The program requires a sequence
of materials in a stack of layers and their thicknesses are to be specified by the
user. The user can also define the angle of incidence of light on the film and get
the reflectivity spectra at various incidence angles. The thickness errors in the
deposition of thin film can also be fed into the program and the corresponding
deviation in the reflectivity spectra can be simulated.
The use of LabVIEW as a programming tool makes the simulator quite interactive and user-friendly. The LabVIEW is an intuitive graphical programming
language that uses icons instead of lines of text to create applications. The execution of the programme is determined by the flow of data. LabVIEW programs are
called virtual instruments, or VIs, because their appearance and operation imitate
physical instruments. In the present simulator, the input parameters are fed into
the program by means of pop-up windows. The simulated reflectivity spectrum is
plotted on the graphical user interface (GUI), called the ‘front panel’ of the VI, and
stored in a file at the given path.
The simulator allows the user to design various multilayer optical thin films with
precise control on its spectral response. One can also estimate the thicknesses of
various layers in the deposited non-absorbing dielectric multilayer thin film using
the simulation. Varying the thicknesses of different layers in the stack, a good
agreement between the measured and simulated reflectivity spectra can be obtained
and in this way, the thicknesses of the film can be determined. It can also be used
to optimize the deposition conditions for the multilayer optical thin films.
The mathematical equations used in the simulation to calculate reflectivity spectra of multilayer optical thin films are discussed in the next section. The implementation of programming techniques and various features of the simulation have been
described in §3. Results of simulated reflectivity spectra for various optical thin
films are presented in §5. We have also optimized the single quarter-wave optical
thickness (QWOT) layer AR coating and multilayer HR coating using electronbeam (e-beam) evaporation technique for facet coating of laser diodes emitting at
1200 nm. The results of optimization of AR–HR coatings on GaAs test-substrates
have also been presented.
2. Mathematical treatment
The reflectance coefficient, r, of a non-absorbing multilayer dielectric thin film can
be given as [8]
r=

Y0 m11 + Y0 Ys m12 − m21 − Ys m22
,
Y0 m11 + Y0 Ys m12 + m21 + Ys m22

where

r
Y0 =
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ε0 0
n
µ0 0
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and

r
Ys =

ε0 0
n
µ0 s

with n00 and n0s being the effective refractive indices of the incident medium and the
substrate respectively and are given as n00 = n0 cos θ0 and n0s = ns cos θs for s or
perpendicular polarization. In the case of p or parallel polarized light, n00 and n0s
are given as n00 = n0 /cos θ0 and n0s = ns /cos θs . Here, n0 and ns are the refractive
indices of the incident medium and the substrate whereas θ0 and θs are the angle of
incidence in the incident medium and the substrate respectively. In eq. (1), m11 ,
m12 , m21 and m22 are the elements of the characteristic matrix, M , of the entire
system with p layers in a multilayer stack, which is the resultant of the product (in
proper sequence) of the individual 2 × 2 matrices for each layer in the multilayer
stack, that is,
·
¸
m11 m12
M = M1 M2 . . . Mp =
(2)
m21 m22
and, in general, the characteristic matrix for xth layer Mx , which relates the electromagnetic fields at the two adjacent boundaries of xth layer, is obtained as
·
¸
cos δx (i sin δx )/Y
Mx =
,
(3)
iYx sin δx
cos δx
p
where Yx =
(ε0 /µ0 )n0x with n0x = nx cos θx for s-polarized light and n0x =
nx / cos θx for p-polarized light. The term δx denotes the phase-shift of the wave on
traversing thickness dx of the xth layer with refractive index nx and is given as
δx = k0

(2nx dx cos θx )
,
2

(4)

where k0 is the free-space propagation number and θx is the angle of incidence of
light in the xth layer. The incident angle of light in each layer of the multilayer
stack is found using the Snell’s law.
Now, re-defining the characteristic matrix of each layer as
·
¸
cos δx (i sin δx )/n0x
Mx =
(5)
in0x sin δx
cos δx
and further simplifying eq. (1) for non-absorbing dielectric layers, we can write
r=

n00 m11 + n00 n0s m12 − m21 − n0s m22
.
n00 m11 + n00 n0s m12 + m21 + n0s m22

(6)

However, the layer matrix is a complex matrix, as can be seen from eq. (5).
Hence, elements m12 and m21 in the above equations are purely complex whereas
the other two elements, i.e. m11 and m22 , are real. Thus, the reflectance coefficient
r is an imaginary quantity. So, the reflectance,
R = rr∗
Pramana – J. Phys., Vol. 72, No. 6, June 2009
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which gives
R=

(n00 m11 − n0s m22 )(n00 m11 − n0s m22 ) + (n00 n0s m12 − m21 )(n00 n0s m12 − m21 )
. (7)
(n00 m11 + n0s m22 )(n00 m11 + n0s m22 ) + (n00 n0s m12 + m21 )(n00 n0s m12 + m21 )

Equation (7) determines the reflectance of the non-absorbing multilayer dielectric
thin film. Thus, to find the reflectance of any non-absorbing multilayer thin film,
we have to compute characteristic matrices for each layer of the film, and multiply
them to get the characteristic matrix of the entire multilayer film, whose elements
can then be substituted in the above equation to get the reflectance of the film.
This equation is used in the computer simulation.
3. Implementation
In the case of the non-absorbing dielectric multilayer optical films, two parameters are necessary to determine the reflectivity spectrum of the film – the physical
thickness and the refractive index of the material – over the desired wavelength
range for each layer of the multilayer stack [8]. The other input parameters are
the scanning range of wavelength and angle of incidence, plane of polarization, and
the substrate material. All these parameters are provided on the front panel of the
program (GUI), which is shown in figure 1.
The selected materials and their thicknesses for all layers of the stack are displayed on the front panel as shown in figure 2a. In the case of a stack of QWOT
bi-layer pairs of low and high refractive index materials for HR coating at a particular wavelength, only the wavelength for which the HR coating is desired, number
of bi-layer pairs, and materials for low refractive index and high refractive index
layer need to be specified as shown in figure 2b.
Figure 3 shows the block diagram, i.e. the programming codes, for the reflectivity
simulation program.
The program first reads the input parameters and obtains the arrays of refractive
index at each wavelength step in the given wavelength range from the refractive
index dispersion data files for selected materials and substrate. In the next step, it
determines a 2 × 2 characteristic matrix for each layer of the stack at a particular
wavelength and angle of incidence. The characteristic matrix of the entire multilayer film system is then obtained from the product of characteristic matrices of
individual layers. The elements of this characteristic matrix are then used in eq. (7)
to obtain the reflectance of the multilayer film for that particular wavelength and
angle of incidence. These steps are repeated for each wavelength step in the given
wavelength range to get the reflectivity spectrum of the film at a particular angle of
incidence. The reflectivity spectrum thus obtained is displayed on the front panel
as shown in figure 4.
The whole process is repeatedly executed for every step of the angle of incidence
to obtain the reflectivity spectra for the specified range of incident angles. The
program also takes into consideration the effects of errors in thickness deposition
of the films. It generates specified percentage amount of random error in the given
thickness of every layer and simulates the corresponding reflectivity spectrum for a
number of times considering those errors.
1014
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Figure 1. Front panel of the LabVIEW program for reflectivity simulation
of multilayer optical thin films.

Figure 2. Input parameters for (a) multilayer stack and (b) bi-layer quarter
wave stack.

4. Experimental
Deposition of AR and HR coatings was carried out at high vacuum (10−6 mbar),
using a 6 kW e-beam evaporation system equipped with 270◦ bend e-beam gun
Pramana – J. Phys., Vol. 72, No. 6, June 2009
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Figure 3. Block diagram of LabVIEW program for reflectivity simulation.

facility (Hind High Vacuum Co. (P) Ltd.). The e-beam evaporation system is
interfaced with a thin film deposition controller (SQC-122c, Sigma Instruments)
to precisely monitor and control the thickness and deposition rate of individual
dielectric layers using a quartz crystal. The substrate is rotated with 120 rpm
inside the vacuum chamber during deposition with the help of a stepper motor in
order to get uniform coating. AR–HR films have been deposited at 200◦ C substrate
temperature with the constant rate of 4 Å/s. The substrate temperature is attained
using radiant heaters. The reflectivity spectra of the coated samples are measured
using a 1/8m monochromator (CVI-CM110), a photodetector and a dual-phase
lock-in amplifier (SR-530).
5. Results and discussion
Simulated reflectivity spectra for single QWOT layer of Al2 O3 , SiO2 and MgF2 at
890 nm on GaAs substrate for normal incidence of light are shown as curves a, b
and c, respectively, in figure 5. The thicknesses of Al2 O3 , SiO2 and MgF2 used for
the simulation are, respectively, 1236 Å, 1483 Å and 1612 Å, which are the QWOT
at 890 nm for the corresponding materials (i.e. the optical thickness of the material
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Figure 4. Front panel displaying the entered input parameters along with
resultant simulated reflectivity spectrum.

is one-fourth of 890 nm and hence the physical thickness is (890/4η) nm, where η
is the refractive index of the corresponding material) and hence the reflectivity is
minimum at 890 nm wavelength in each case. As shown in the figure, the reflectivity
of the QWOT layer of Al2 O3 film is 0.27% at 890 nm wavelength, which can be used
for the AR coating on the front (emitting) facet of the GaAs-based laser diode with
a lasing wavelength of 890 nm. Among these three materials, minimum reflectivity
is achieved by Al2 O3 film on GaAs substrate. This is because the refractive index
of Al2 O3 , which is 1.75 at 890 nm, is closer to the required refractive index of the
film, nf = 1.9, for single QWOT layer AR coating on GaAs (ns = 3.6), as obtained
from [9],
√
nf = ns n0 .
(8)
Figures 6a–c show the simulated reflectivity spectra for, respectively, one, two
and three bi-layer pairs of QWOT at 890 nm at normal incidence with Al2 O3 as
a low refractive index material and silicon (Si) as a high refractive index material.
As seen from the figure, the reflectivity up to 98.66% can be obtained with three
bi-layer pairs of Al2 O3 –Si on the GaAs test-substrate, which is adequate for the
HR coating on the back facet of laser diode lasing at 890 nm.
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Figure 5. Simulated reflectivity spectra for single layer of different materials
with thickness of the material being QWOT at 890 nm on GaAs substrate:
(a) Al2 O3 , (b) SiO2 and (c) MgF2 .

Figure 6. Simulated reflectivity spectra of Al2 O3 –Si bi-layer pairs with thickness of Al2 O3 and Si being QWOT for 890 nm on GaAs substrate: (a) one
pair, (b) two pairs and (c) three pairs.
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Figure 7. Simulated reflectivity spectrum for single QWOT layer of Al2 O3
at 1200 nm wavelength in comparison with measured reflectivity spectra of
single layer Al2 O3 films with different thicknesses: (a) 1675 Å, (b) 1875 Å
and (c) 1975 Å.

We have also optimized the AR–HR films for facets-coating of laser diode with the
lasing wavelength of 1200 nm. Figures 7a–c show the measured reflectivity spectra
at normal light incidence for three different thicknesses of the single layer Al2 O3 ,
viz. 1675 Å (film A), 1875 Å (film B) and 1975 Å (film C), respectively, deposited
by e-beam evaporation technique on GaAs substrate. The simulated reflectivity
spectrum for single QWOT layer of Al2 O3 at 1200 nm wavelength on GaAs for
normal light incidence, which is desired for the AR coating on the front facet of laser
diode, is also shown with measured reflectivity spectrum of each film. We optimized
the coating conditions by matching the simulated and the experimental reflectivity
spectra. As seen from the figure, a good agreement between experimental and
simulated reflectivity spectra is achieved for a film with 1875 Å thickness of Al2 O3 ,
as shown in figure 7b. Thus, we used the coating conditions of film B as our
optimized coating conditions for AR coating on the front facet of laser diode with
1200 nm lasing wavelength.
The reflectivity simulation can also be used for the calibration of thin film thickness measurement by a quartz crystal. Figure 8 shows the experimental reflectivity
spectrum of a film with three bi-layer pairs of Al2 O3 –Si on GaAs substrate where
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Figure 8. Experimental reflectivity spectrum for three QWOT bi-layer pairs
of Al2 O3 –Si on GaAs substrate along with the simulated spectra for the same
stack with different thicknesses of Al2 O3 and Si layers.

thickness of Al2 O3 is 1875 Å and that of silicon is 857 Å as measured by the quartz
crystal. The simulated reflectivity spectrum for the same combination is also shown
by dashed line in figure 8. As seen from the figure, the peaks in experimental reflectivity spectrum do not match with those in the dashed curve, indicating that the
actual thicknesses of Al2 O3 and silicon are different from those monitored by the
quartz crystal. By varying the input values of thicknesses of Al2 O3 and silicon in
the simulation, we get a good match of simulated spectrum with the experimental
one for 1677 Å Al2 O3 thickness and 922 Å silicon thickness, as shown by continuous line in figure 8. Thus, the actual thicknesses of Al2 O3 and silicon deposited
on the GaAs substrate by e-beam evaporation technique are 1677 Å and 922 Å,
respectively, and we can calibrate the thickness monitor in the vacuum coating
system by adjusting the tooling factor according to these values.
Also, as seen from figure 8, we observed the deviation of experimentally measured
reflectivity values from the corresponding simulated reflectivity, even though the
peaks in the experimental and simulated reflectivity spectra are matching. This is
mainly due to the usage of bulk values of the material parameters during reflectivity
simulations. However, it is known that oxide films grown using e-beam evaporation
exhibit a variation in refractive index with film thickness [10]. It is understood
that the grown oxide film consists of columnar structures which have a large base
diameter near the substrate, which decreases with film thickness. This introduces
porosity in the film varying along film thickness, leading to the refractive index
inhomogeneity. Moreover, the simulation assumes that the films are non-absorbing
which is quite reasonable for dielectric materials like Al2 O3 and silicon in the infrared regions. However, the materials used for dielectric coatings are of moderate
purity (Al2 O3 : 99.9%, silicon: 98.5%). Hence, we anticipate some impurities in the
grown layers and thus the absorbance in the film, though very small, may not be
zero. This may further cause the measured value of the reflectivity to deviate from
the simulated one.
1020
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We have applied the optimized AR and HR coatings on the front and the
back facet, respectively, of the highly-strained InGaAs quantum-well edge-emitting
broad-area (BA) laser diodes operating at 1200 nm, grown by metal-organic vapour
phase epitaxy (MOVPE) [11], and achieved the expected enhancement in the
optical power emitted from the front facet of the laser diodes [12].
6. Conclusion
A very interactive and user-friendly reflectivity simulation has been developed in
LabVIEW for design and optimization of non-absorbing dielectric multilayer optical thin films. The input parameters for the simulation, viz. scanning range of
wavelength and angle of incidence of light, plane of polarization, substrate material,
number of layers, etc., fed into the program form the front panel. The materials
and their thicknesses for each layer of a multilayer stack are provided through popup windows. The reflectivity spectra for a given range of wavelength and angle of
incidence of light are simulated using the dispersion data of refractive indices and
thicknesses for the defined stack of dielectric materials. A number of ensembles of
reflectivity spectra can be simulated considering the percentage errors in the layer
thickness as specified by the user. Reflectivity spectra for various combinations of
materials and their thicknesses in multilayer stacks have been simulated and compared with the experimental results. The reflectivity simulator provides a very good
tool for designing the optical thin films with the desired spectral response. It has
been shown that the selection of materials and the optimization of layer thicknesses
as well as the coating conditions for deposition of multilayer optical thin films are
feasible with the help of reflectivity simulation.
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