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Abstract—The report stresses on the optimization of dielectric Distributed Bragg Reflector (DBR) for
Vertical Cavity Surface Emitting Laser (VCSEL) for emission range of 520-550 nm. DBR plays an important
role in the efficiency of VCSELs. Transfer Matrix Method (TMM) was used to design the model for
propagation and interface matrix. Power reflectance was calculated for various Ta2O5 and SiO2 DBR stack
pairs with varying wavelength that will travel through the stack and is studied thoroughly. The simulation was
done using MATLAB® to see the stop-band variation with stack pairs. The thickness of a DBR pair was kept
constant during the simulation. The result yields power reflectance above 90% for DBR stack pair greater
than 6 and saturates for stack pair more than 16. The simulation was done for normal incidence which
produces promising results.

Index Terms—Dielectric Distributed Bragg Reflector, Vertical Cavity Surface Emitting Laser, Reflectance,
Transfer Matrix Method, MATLAB® Simulation
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1 Introduction

The idea of a laser was first predicted by Albert
Einstein in his paper Zur Quantentheorie der

Strahlung (On the Quantum Theory of Radiation)
in 1917. It took some time till lasers were explored
in more detail and pioneering works were done
on making masers (Microwave Amplification by
Stimulated Emission Radiation). Soon in the late
1950s the field of lasers took up and has been an
emerging field even today [1]. Lasers have found
tremendous applications in various fields of tech-
nology, devices and in the field of medicine. They
have also found profound uses as an hobby for
many people across the world.

The concept of VCSELs (Vertical Cavity Sur-
face Emitting Lasers) were first conceptualized by
Prof. Kenichi Iga in 1977. The VCSEL device has
seen various publications over the years and people
are still looking for potential applications of it.
They have found uses in high speed optical data
transmission and uses in an optical mouse. The
number of VCSELs produced annually is about
100 million and are next to Fabry-Pérot type
edge-emitting lasers (EELs) [2]. A schematic of a
VCSEL is shown in Fig:1.

The growth of a VCSEL requires very high qual-
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Fig. 1: Schematic layer structure of a VCSEL

ity and precision growth, so growth techniques
like MBE (Molecular Beam Epitaxy) or MOCVD
(Metal-Organic Chemical Vapour Deposition) are
often employed when fabricating a VCSEL. VC-
SELs emitting light in the wavelength region of
850-980 nm require about 8 µm of epitaxial growth
(as indicated in Fig:1). The inner cavity and the
active layer comprises of a Multi-Quantum Well
(MQW) structure and just spans about 10 nm in
thickness.

1.1 Basics of Laser

Laser (more accurately LASER) is an acronym
for Light Amplification by Stimulated Emission
Radiation.
A set of simplified governing equations that ex-
plain the working principle of a laser are written
below:
Let Rsp, Rabs and Rst denote the rates for sponta-
neous emission, absorption and stimulated emis-
sion respectively. As a first order approximation
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and related by proportionality constants, the re-
spective rates should depend on the electron con-
centration of those levels which are involved for
the observed phenomena [3].

Rsp = AspN1

Rabs = BabsN2φ

Rst = BstN1φ

(1)

where: Asp, Babs, Bst are called the Einstein coef-
ficients. N1 and N2 are the electron concentrations
at the energy levels, E1 and E2 respectively as
shown in Fig: 2. φ is the intensity of laser light
generated.

In a radiative equilibrium: number of photons
must be conserved.

Hence, Rabs = Rsp +Rst

The Einstein coefficients for the absorption and
stimulated radiation for equal.

Hence, Babs = Bst = B (say)

Fig. 2: Principle of Laser ≡ Light Amplification by
Stimulated Emission Radiation

In a laser mode, spontaneous emission can be
neglected.

∴ Rst −Rabs = (N1 −N2)Bφ (2)

It can be seen that there is net light amplification
whenever Rst > Rabs, i.e., when N1 > N2 or in
other words when one achieves a population inver-
sion. The above formulation also shows the impor-
tance of light amplification intensity, φ, higher the
amplification we achieve, higher is the output from
the laser; given that population inversion has been
achieved. This fact will be central when design-
ing and optimizing a Distributed Bragg Reflector
(DBR) stack.

1.2 Distributed Bragg Reflector (DBR)

VCSEL, as the name reads out corresponds to
the light emission along the vertical cavity surface
of the device and these devices are of nanometer
scales. Hhence, it’s crucial that we get high optical
gain length to achieve significant light amplifi-
cation. The gain length for optical amplification
in a Fabry-Pérot type laser is of the order of
few micrometers. This makes it necessary to have
reflecting surfaces stacked around the active region
(MQW) of a VCSEL.

Optical gain length in a VCSEL is simply the
accumulated thickness of the MQW structure.
About 5 MQWs are used and this leads to a optical
gain length of about 20 nm. If only MQWs are
emplyed for light amplification, this length is too
small to get any appreciable laser light intensity.
Hence it puts the constraint of having near perfect
total reflectance (u 100%) of the entire reflecting
mirror assembly. All practical implementations
of the mirror assembly have more than 97% re-
flectance.

The optical confinement of light in a VCSEL is
achieved by using a Distributed Bragg Reflector
(DBR). A DBR stack is a multi layered struc-
ture of alternating high and low refractive index
layers. The thickness of each individual layer is
λ/4, where λ is the wavelength of light that will
be generated in the Multi-Quantum Well (MQW).
The light intensity is amplified as it is reflected
back and forth in the stack of reflecting mirrors
around the active region. Semiconductor and di-
electric DBRs are typically used to confine light in
longitudinal direction. One could in principle also
use High-Contrast Gratings (HCG) but it is not a
practically feasible approach and instead one uses
a DBR.

The explanation for λ/4 thickness of each layer is
presented below (or could have as well written as
an appendix text).

A DBR stack employed on either side of the active
region has many layers of the material and this
then leads to consider how thick each layer should
be so that we get constructive interference. The
DBR arrangement involves alternating layers of
high and low refractive index materials. There is
a phase change of π when light is reflected from
material of higher refractive index incident from a
lower refractive index material. There is a phase
change of 2π (≡ 0) when light is reflected from
material of lower refractive index incident from a
higher refractive index material. Also, we consider
near-normal incidence light reflections and trans-
missions.

We have,
∆φ = 2π

λ
d · n

where, ∆φ is the phase change due to propagation
of light with wavelength λ along a geometric dis-
tance d in a medium of refractive index with real
component n.

Now the following effects are taken into account,
the phase change due to reflection from higher
or lower refractive index materials and the phase
change due to propagation. Using this one derives
the conditions for constructive and destructive
interference when each layer has a thickness of λ/4
(as shown in Fig: 3), where λ is the wavelength
of the light which the device would be generat-
ing.
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Fig. 3: Various interference situations

In Fig: 3, for the (b) part [note that (a) and (b)
can be explained by similar reasoning, here we
explain part (b)]: the thickness of each layer is λ/4
and there is phase shift of π because n1 > n0
and there is a phase of shift of π again due to
reflection at n2 since n2 > n1 and a further phase
difference of π due to optical length. So, there is a
net phase difference of 2π − π = π when the rays
after reflection at n1 and n2 occur. This results
in a destructive interference. But, this was the
case when there wasn’t any alternations in the
refractive index sequences.
In Fig: 3, for the (d) part [note that (c) and
(d) can be explained by similar reasoning, here
we explain part (d)]: observe that the refractive
index of a pair of layers alternate – by which we
mean that the refractive indices of the materials
alternate between high and low value by using
suitable materials. Here, there is no phase change
when there is reflection at n1 because n0 > n1 and
there is a phase change of π due to reflection at n2
because n2 > n1, and on top of that there is an
optical phase shift of π

(
= π

2 + π

2

)
. This leads to

a total phase shift of 2π(≡ 0) when the reflected
rays from n0 and n2 interfere. This results in a
constructive interference.
Hence, it is proved that thickness of each layer
should be λ/4 in order to have constructive in-
terference and make sure that the light intensity
doesn’t diminish due to destructive interference.
Also, it can be concluded that the refractive in-
dices of the constituting materials should be ar-
ranged in an alternating sequence.
At the same time, there are λ/2 layers inserted
between DBR stacks of no optical activity known
as absentee layers which serve as contact layers.
λ/2 is chosen because this doesn’t contribute to
phase difference due to optical path length, and
on top of that there is no phase change due to re-
flection because the layer doesn’t have any optical
activity.
As there is a possibility of multiple reflections
to occur and there is a series of DBR pairs, the
criteria for constructive interference for a range

of wavelengths centered around λ get satisfied, so
there is a notion of stop band.

Stop band is defined as width between two wave-
lengths where DBR power reflectance has dropped
to 90%. The width of the stop band reduces with
more and more number of absentee layers. Width
of the stop band (which in absence of absentee
layer is about 50-100 nm) is important because
that gives the error margin one can have in fab-
ricating the thickness of the QW (which would
decide λ); the lesser the stop band width is, more
fine tuning of the QW thickness is required so
that the wavelength of the laser light produced
in the active region lies between high-reflectance
wavelengths of the DBR stack implemented. The
stop band for our purpose has to be between 520-
550 nm.

1.3 Types of DBR

DBRs can be of three types: epitaxial, dielectric
and air-gap based.

III-nitrides materials are preferred for DBRs be-
cause of:

• ease of fabrication and growth

• can fabricate materials to obtain sufficient
index contrast between λ/4 layers

• better thermal conductivity

Poor electrical conductivity and high absorption
losses in p-type III-Nitrides has led to use of
dielectric DBRs for p-side of the device. [4]

Use of epitaxial n-side and dielectric p-side forms a
hybrid DBR VCSEL. On the other hand, dielectric
p and n DBR are dual-dielectric DBR VCSEL.
Epitaxial DBR have smaller index contrast. Since
the index contrast is smaller, one requires more
periods of epitaxial n-DBR and more periods leads
to smaller stop band widths.

Approximately, an epitaxial DBR has a stop band
width of about 35 nm and a dielectric DBR has a
stop band width of about 70 nm.

Fig. 4: Reflectivity Spectrum for Ta2O5/SiO2 di-
electric p-DBR and AlN/GaN epitaxial n-DBR
and the other two are TEM images of the AlN/-
GaN stack

The figure Fig: 4 shows reflectivity spectrum
for Ta2O5/SiO2 dielectric p-DBR and AlN/GaN
epitaxial n-DBR on a 450 nm c-plane VCSEL.
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The TEM images indicate formation of super-
lattice structure. This prevents cracking caused
by large lattice mismatch between AlN and GaN
layers. There is significant interface roughness
which will contribute to scattering loss in VCSEL.
Also, it can be seen from the reflectance spectra
(stop band) centered around 450 nm is wider for
Ta2O5/SiO2 which is a dielectric DBR as opposed
to a narrower stop band seen for an epitaxial n-
DBR (AlN/GaN stack).

For the choice of materials for an epitaxial DBR,
AlN/GaN stack is difficult to grow because of high
lattice mismatch between AlN/GaN and leads to
catastrophic cracking. AlInN/GaN stack is diffi-
cult to grow but by using concept of buffer layer,
once the stack is fabricated, it is free from internal
stresses. Superlattice structures were found in the
grown DBR stack (GaAs/AlAs). [5]

Again, it can be seen from Table: 1 that thermal
conductivity of dielectric materials like Ta2O5 and
SiO2 is very less as compared to epitaxial III-
nitrides like GaN or AlN. Dealing with thermal
aspects are important as the lifetime of the device
is governed by how well the thermal stresses are
handled and how well the thermal energy is dis-
sipated (note that it is has to along the vertical
cavity as there is no appreciable lateral dissipa-
tion). An air-gap has even much lesser thermal
conductivity than a dielectric material.

Material Thermal Conductivity (W/cm-K)
GaN 1.3
AlN 2.85
ITO 0.05
Ta2O5 0.0045
SiO2 0.007
Au 3.17

TABLE 1: Thermal conductivities for some mate-
rials that are used in DBR

Interface roughness caused by V-defects in c-plane
growth leads to scattering of light and causes local
variations. In total, it reduces the reflectance of
the mirror.

Dielectric DBR can be fabricated using sputtering
techniques. MOCVD and MBE techniques are not
necessary. But, very high degree of control and
precision is required because we want to avoid
interface roughness and moreover sputtering tech-
niques require longer time duration (about 6-12
hours). During the fabrication process, there are
complicated membrane liftoff and bonding pro-
cesses involved. So, dielectric DBRs are difficult
to fabricate and grow than an epitaxial DBR. Ion
beam deposition can be used but, it’s an expensive
setup.

At the same time, dielectric DBRs have lower
thermal conductivity than an epitaxial III-nitride
DBR. For a dielectric DBR, one needs to rely on
lateral dissipation of heat generated.

A properly optimized dual dielectric DBR will
have better thermal and an overall performance
than a hybrid DBR (int terms of reflectivity and
stop band width).

There isn’t enough of contrast between epitaxial
DBR - for example, nGaN/nAlN = 2.7/2.15 for
photons with energy, E = 3.4ev. It can be seen
that the ∆n (= 0.55) is not very high. [6]

For a DBR that uses air-gap microcavity (formed
by say decomposition of GaN) - it has been found
that 3 top DBRs and 4 bottom DBRs are sufficient
and since less number of DBRs are used, there
is less growth error overall. But, the problem is
on the thermal side, air-gap doesn’t have high
thermal conductivities and the application would
be limited to low power VCSELs unless proper
optimization is done [7].

For the ITO (Indium Tin Oxide) and TJ (Tunnel-
ing Junction) VCSEL, after certain number of p-
DBR pairs, there wasn’t any appreciable change
in the reflectance spectra around the centered
wavelength. After 10 to 12 p-DBR mirror peri-
ods, there wasn’t any appreciable change in the
reflectance spectra though the reflectance spectra
was already appreciable even with 2 p-DBRmirror
periods. Whereas for an epitaxial n-DBR, the stop
band width gets progressively lesser with number
of mirror periods and to get appreciable power
reflectance, there is need for around 20-22 epitaxial
n-DBR mirror periods.

Apart from this, in the literature survey done
pertaining to other references given in [8] (not
directly to do with dielectric DBR) has been stated
from here on.

GaN-based air-gap DBR were fabricated using
band-gap selective photoelectrochemical etching
as described in [9].

Optimizations were done based on chemical com-
position as well. In particular, thermal resistivity
of In1–xGaxAsyP1 –y was found to be maximum
when y = 0.75 and the value of thermal conduc-
tivity at that y was 24W−1cmK [10].

Improvements were observed in the laser perfor-
mance by reduction of acceptor concentration in
the p-type mirror of the VCSEL. For Nitride based
light emitting devices, low activation ratio of p-
type (Al)GaN were observed by doping with Mag-
nesium (Mg) to activate the acceptors [11].

2 Transfer Matrix Method

Transfer Matrix Method (TMM) is a generalized
approach in treatment of multilayered optical ma-
terials [12].

Consider a 3-layered material as shown in Fig:5
with a refractive index profile (wrt to the coordi-
nate system shown) [13].
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Fig. 5: Light incident on a multi-layered structure

n(x) =


n1, x < 0
n2, 0 < x < d

n3, x > d

(3)

We create a matrix D12 which is the interface
matrix for travelling from material-1 of refractive
index n1 to a material-2 of refractive index n2. We
assume the normal incidence.

D12 =

n2 + n1

2n2

n2 − n1

2n2
n2 − n1

2n2

n2 + n1

2n2


Then we multiply with the phase propagation
matrix while the wave travels in material-2 of
refractive index n2.

P2 =
(
eik2xd 0

0 e−ik2xd

)
Similarly, we can find the matrix for the light going
frommaterial-2 of refractive index n2 to material-3
of refractive index n3 which will be D23 as follows.
The column vector on the left side of the equation
below is the input and the column vector on the
right side is the output [13].

D23P2D12

(
E1

E′1

)
=
(
E3

E′3

)

2.1 Periodic Medium

We apply similar logic to the periodic system
with pairs of dielectrics with refractive indices n1
and n2. Consider the light flowing from material-
2 to material-1. Using the similar strategy from
the previous section the transfer matrix for light
travelling from material-2 to material-1 can be
written as:

Ein = D21P2E
′
out

Similarly looking at the interface for material-1 to
material-2:

E′out = D12P1Eout

Hence,

Ein = D21P2D12P1Eout

Therefore, the transfer matrix can be written
as:

M = D12P2D12P1

Note that, Ein, Eout and E′out are all 2×1 matrices
with both the incident and reflected components in
them.
In a DBR stack, there will be ’N’ number of pairs
of dielectrics DBR layers with different dielectrics
constants. They will be put on a substrate as
shown in the Fig:6.

Fig. 6: Schematic of a DBR stack with substrate

The final transfer equation will be written
as:

Mfinal = D24 · (MN ) ·D31 · P1

Mfinal =
(
M11 M12
M21 M22

)
As Eout has only forward propagating component
but Ein has both forward and backward compo-
nents, which is found using the equation:(

Ein

E′r

)
=
(
M11 M12

M21 M22

)
·
(
Eout

0

)
Now the reflectance, r, is given by the ratio of the
M11 andM21 coefficients ofMfinal,

r = Er

Ein
=
∣∣∣∣M21

M11

∣∣∣∣
3 TMM code in MATLAB

%TMM.m
clear all;
%R.I.
n1 = 1.5; % SiO2
n2 = 2.16; % T2O5
n3 = 2.37; % GaN
n4 = 1; % Air

N = 32; % DBR pairs
lo = 500e-9; % resonance wavelength, nm
i = 1;

for l = 300e-9 : 0.1e-9 :800e-9
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k1 = (2*pi*n1)/l;
d1 = lo/(4*n1);
p1 = k1*d1;

k2 = (2*pi*n2)/l;
d2 = lo/(4*n2);
p2 = k2*d2;

A1 = (n2+n1)/(2*n2);
A2 = (n2-n1)/(2*n2);
A3 = (n1+n2)/(2*n1);
A4 = (n1-n2)/(2*n1);

D12 = [A1 A2 ; A2 A1];
D21 = [A3 A4 ; A4 A3];

P1 = [exp(1j*p1) 0 ; 0 exp(-1j*p1)];
P2 = [exp(1j*p2) 0 ; 0 exp(-1j*p2)];

M = D21*P1*D12*P2;
Mn = M^N;

%GaN and SiO2

k1 = (2*pi*n1)/l;
d1 = lo/(4*n1);
p1 = k1*d1;

A3 = (n1+n3)/(2*n3);
A4 = (n1-n3)/(2*n3);

D31 = [A3 A4 ; A4 A3];

P1 = [exp(1j*p1) 0 ; 0 exp(-1j*p1)];

%Ta2O5 and air

A3 = (n2+n4)/(2*n4);
A4 = (n2-n4)/(2*n4);

D24 = [A3 A4 ; A4 A3];

Mf = D24*Mn*D31*P1;

r(i) = abs(Mf(2,1)/Mf(1,1));
l1(i) = l;

i = i+1;
plot(l1,r);
hold on;

end

4 Results

The simulation of the DBR stack was implemented
using the Transfer Matrix Method and the code
was executed in MATLAB®. The aim was to ob-
tain reflectance spectra targeting emission range
of 520-550 nm. The aim is clear here, as stated
in the extensive introduction section of this re-
port/paper, dielectric DBR stack gives the widest
stop-band and moreover the reflectivity is very
constant in the stop-band region. The performance
of a dielectric DBR when compared to that of an
epitaxial DBR as shown in Fig:4 clearly indicates
that a dielectric DBR is preferred over an epitaxial
DBR.
In our simulation, we have a GaN substrate having
a refractive index (for now, we don’t consider

the complex part of the refractive index) of 2.37
for the wavelengths in between 500-550 nm. The
DBR pair consists of Ta2O5 and SiO2 of refractive
indices 2.16 and 1.5 respectively. The two types
of layers are arranged in alternating pattern and
stacked on top of each other. The graphs, Re-
flectance spectra (and also the stop-band) vs wave-
length are shown in Fig:7 and Fig:8 considering
different number of DBR pairs ’N’, as indicated in
the legend of the graphs.

Fig. 7: Reflectance spectra vs wavelength

Fig. 8: Reflectance spectra vs wavelength centered
around 520-550 nm

5 Conclusions

Transfer Matrix Method has been successfully im-
plemented to calculate the reflectance spectra of
a multi-layered arrangement of consisting of two
materials. The simulation results justify that mak-
ing a dielectric DBR stack for VCSEL targeting
emission in the range of 520-550 nm is very much
possible with the use of materials like SiO2 and
Ta2O5, which are dielectrics.
The material pair for the DBR stack can be used
for actually making the VCSEL. Also, the opti-
mum number of DBR can be taken to between
8 to 16 pairs. As of now, the distribution of the
DBR stack is symmetric about the active layer
of the VCSEL. It is observed from the graphs,
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Fig:7 and Fig:8 that the reflectance value and the
stop-band vs wavelength have saturated after 8
to 16 DBR pairs. It is remarkable that the stop-
band didn’t become more narrow as the DBR
pairs were increased to 32 but, the stop-band
would have reduced in width if it were an epitaxial
DBR. We have also achieved the reflectivity (or
power reflectance) of around 100%, which is the
requirement in case of a VCSEL for DBR pairs
between 8 to 16.

6 Future Work

We haven’t considered any absentee layer in the
DBR stack. Though, the absentee layer doesn’t
affect the reflectance spectra ideally but consid-
ering those layers which are very much present in
an actual fabrication, we can make fine tuning to
the reflectance and stop-band spectra which we
obtained.

Analyze the heat transfer across the DBR stack
because one of the disadvantage of a dielectric
DBR is its poor thermal conductivity. In order
to keep the device healthy, thermal management
analysis should be critically evaluated. Getting to
know the environment in which our device will be
used, we can find thermal profile around the device
and then look into what actions might need to be
done.
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