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Abstract. Comprehensive model for the design of highly reflecting distributed Bragg reflectors (DBRs) is investigated
for spectral band, ranging from ultraviolet to short wavelength infrared (SWIR). The reflectivity calculation is done using
thin film multiple reflection technique. The variation of reflectivity as a function of wavelength, number of grown
epilayers, angle of incidence and difference between refractive indices of constituent epilayers is examined. The target
wavelengths for reflectivity simulation include 1.55 and 1.3 lm for optical communication, 850 and 980 nm for infrared
(IR) imaging devices and chip-scale atomic clocks, and 412 and 443 nm for UV light emitting diodes and antireflection
coatings for charge-coupled devices and solar cells. The reflectivity values calculated for compound semiconductor DBRs
lie between 95 and 99%. It is also inferred that the reflectivity of grown epilayers and broadness of operational spectrum
increases with number of epilayers. If DBR stack is grown on lattice mismatched substrate, increment of the reflectivity is
found only at single wavelength. As the angle of incidence increases from 0° to 80°, blue shift in reflectance (towards low
wavelength) is also observed. The increase in reflectivity is also observed with increase in difference in refractive indices
of epilayers.
Keywords. Distributed Bragg reflector; compound semiconductor; vertical cavity surface emitting lasers; infrared imaging devices; antireflection coatings; atomic clocks.

1.

Introduction

The amount of data transferred through internet is increasing enormously day by day. The light sources or signals
play a crucial role in optoelectronic devices used to transfer
the data. Fibre-optic cable is the backbone for this information transfer, in which laser signals are used as light
source, to carry the data at higher bit rate *Tbit s–1. In the
same line, development of vertical cavity surface emitting
laser (VCSEL), has revolutionized the way of communication [1,2]. Along with the high data transmission rate [3],
VCSELs are also used as light source in optoelectronic
devices used for space and medical imaging, optical fibre
data transmission [4,5] and chip-scale atomic clocks [6,7].
Distributed Bragg reflector (DBR) serves as a unique purpose for each of the mentioned optoelectronic devices.
Jewell et al [8] demonstrated first monolithic VCSELs with
epitaxial DBRs and quantum wells. These are the devices
used to provide optical feedback in optoelectronic devices.
On the one hand it is a basic building block for multilayer

semiconductor lasers for high-speed data transmission [9],
on the other hand it can be used as antireflection coating
(ARC) in optoelectronic devices to enhance the efficiency
[10,11], as a light trapping structure and for spectrum
splitting in solar cells [12,13], as light extraction unit in
deep UV III-nitride light emitting diodes [14,15]. It has
been observed that the inclusion of DBRs can be helpful in
improving the performance parameters of above-mentioned
optoelectronic devices. Therefore, DBRs have numerous
usage in optoelectronic devices and have been proven as
promising thin film structures to provide optimum reflection
to improve the device performance. These DBRs must
exhibit very high reflectivity ([99%), high thermal conductivity and high electrical conductivity to facilitate current confinement, heat sinking and ease of injection of
current, respectively. Altogether, there are three types of
reflecting mirrors used for DBR that is dielectric, semiconductor and wafer-bonded mirror, namely [16]. Dielectric
mirrors such as Si/SiO2 [17] and Si/MgO [18] are deposited
by evaporation or sputtering. Since the refractive index
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difference between these layers is very large, very small
numbers of periods are required to achieve high reflectivity.
However, the major drawback with these DBRs is low
current confinement due to electrically insulating characteristic, poor thermal conductivity and high material
absorption. To give these advantages, semiconductor mirrors such as GaAs/AlGaAs [19] and InGaAsP/InP [20] are
used. These semiconductor mirrors can be epitaxially grown
by molecular beam epitaxy or metal-organic chemical
vapour deposition techniques. Since refractive index ratio
for these materials is low, a large number of periods is
needed for high reflectivity.
In this article, we present a systematic study of reflectivity simulations for compound semiconductor-based
DBRs as a function of wavelength, number of grown epilayers in DBR stack, angle of incidence and difference of
refractive indices of semiconductor materials used in DBR
stack. These DBRs are integral part of various optoelectronic devices such as VCSELs, infrared (IR) imaging
devices, ARCs used for frame transfer charge-coupled
devices (CCDs), CMOS image sensors and UV light-emitting diodes (LEDs). Due to ease of monolithic integration
during fabrication of devices, requirement for post-growth
processing is eliminated which simplifies the device design
[21]. The reflectivities of such DBRs are calculated with
thin film multiple reflection technique. These highly
reflecting DBRs are also designed as light trapping layer in
quantum dot solar cells to trap the light within the active
region to maximize the absorption in order to enhance the
efficiency of solar cells. In this study, calculated reflectivities of various epitaxially grown DBR structures are
compared and best suited structures are proposed for optical
communication, IR imaging, light trapping structures and
ARCs. This study can be helpful in optimizing the DBR
structures for various optoelectronic devices such as
VCSELs, solar cells and hence, in the performance
enhancement in above-mentioned devices.

2.

Theory

DBR is a multilayer periodic structure that consists of
alternating high and low refractive index materials. Due to
this, DBRs work as highly reflecting mirrors. Figure 1
shows typical schematic diagram of DBR stack with N
layers, where n0, n1, n2 and ns are refractive indices of
incident medium, first layer, second layer and substrate,
respectively.
These DBRs are characterized based on the reflectivity of
the structures. Since DBRs act as highly reflecting mirrors,
it is used to confine the field or current within active layers
of optoelectronic devices. The reflectivity of DBRs can be
enhanced by increasing the number of epitaxially grown
layers. When the light is reflected from higher refractive
index material, it undergoes a phase shift of p at interface. If
optical thickness of the layer is taken as quarter-wave, then
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Figure 1. Typical DBR structure with alternating high and low
refractive index materials.

reflected light from each interface undergoes additional pphase change. Hence, complete shift undergone by reflected
waves is 2p and all the reflected waves are in phase. Thus,
the condition for constructive interference is met. The
reflectivity of DBR stack depends on the number of periods
in the stack and refractive index difference between constituent materials, (Dn = n1 – n2). Since the number of
layers used in DBR stack can be odd or even, the expression
of reflectivity calculation for DBR (as shown in figure 1) is
given by equations (1 and 2), respectively.
2
 2  2N 32
n
1  n0 1ns nn12
6
7
ð1Þ
R¼4
 2  2N 5
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n1
1 þ n0 ns n2
2
  2N 32
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Maxwell’s equations can be used to determine the
reflectance and transmittance of monolayer and double
layer system. As the number of grown epilayers increases in
the stack, the simulation becomes more cumbersome. To
cope up with this problem, matrix method can be used,
which makes the simulation simpler. To simulate the
reflectivity transmission matrix, formulation given by Born
and Wolf [22] is used, where character matrix M for different layers is represented by 2 9 2 matrices as given
below


cos d1
i sin d1 =l1
M1 ¼
ð3Þ
il1 sin d1
cos d1


cos d2
i sin d2 =l2
M2 ¼
ð4Þ
il2 sin d2
cos d2
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where d1, d2 and l1, l2 are phase change and optical
admittance for each layer, respectively. If number of layers
in a given epilayer stack is given by N, then M = (M1M2)N/2
and M = (M1M2)N/2 9 M1 are characteristic matrices for
even number of layers and odd number of layers, respectively. Elements of characteristic matrix are presented by
B = M11 ? (M12 9 lsub) and C = M21 ? (M22 9 lsub).
Now reflectivity of different epilayer stacks can be calculated with following expression
R ¼ q  q

ð5Þ

where q is complex conjugate of q and


l0 B  C
q¼
l0 B þ C

3.

ð6Þ

Based on the simulations, complete analysis can be
divided into different wavelength regimes based on their
applications, such as (i) UV region that include 412 and
443 nm for LEDs and antireflection coatings for CCDs,
(ii) IR region 850 and 980 nm for IR imaging devices,
quantum dot solar cells and atomic clocks and (iii) 1.3
and 1.55 lm for optical communication. In this simulation, the angle of incidence of electromagnetic radiation
is taken from 0° to 80° with a step size of 10°, while the
number of epilayers in a stack is varied from 5 to 50 with
a difference of 5. The dependence of reflectivity on
various parameters is examined. These studies can be
divided into following two parts: (a) comparison of
reflectivity of a given stack (at a constant angle of incidence) as a function of wavelength for varying number of
DBR layers and (b) comparison of reflectivity of a given
stack (at a constant number of layers) as a function of
wavelength for varying angle of incidences.

Results and discussion

Geometrical design and quality of epitaxially grown DBR
are crucial parameters in determining electrical and optical
performance of optoelectronic devices. In this study, design
of highly reflected DBRs is proposed where thickness of
each epilayer is taken as quarter wave. The reflectivity
simulation for DBRs is done using transmission matrix
method for 20 different epilayer stacks (as table 1) by
MATLAB simulation software.

Table 1.
Sample
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
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(a) Comparison of reflectivity of a given stack (at a constant angle of incidence) as a function of wavelength for
varying number of DBR layers
(i) UV region 412 nm: The main purpose of reflectivity
calculation of DBRs in UV regime is to develop ARCs for
frame transfer CCDs and CMOS image sensors to enhance
the responsivity of photodetectors in band B1 (412 nm) and

List of epilayer stacks along with the substrate.
Epilayer stack (refractive indices)

Composition

Substrate

Reflectivity
peak

Stop band
(nm)

AlxGa1–xAs/GaAs (3.186/3.655)
InxGa1–xAs/InP (3.51/3.207)
AlxGa1–xInyAs1–y/InP (3.363/3.207)
InxGa1–xAsyP1–y/InP (3.38/3.207)
AlAs/GaAs (3.003/3.655)
AlxGa1–xAsySb1–y/AlAszSb1–z (3.65/3.12)
AlxGa1–xN/GaN (2.2/2.539)
InxGa1–xN/GaN (2.2/2.539)
AlxGa1–xInyP1–y/InP (3.49/3.207)
InxGa1–xAs/InP (3.56/3.436)
AlxGa1–xInyAs1–y/InP (3.363/3.436)
InxGa1–xAsyP1–y/InP (3.38/3.436)
AlxGa1–xAsySb1–y/AlAszSb1–z (3.65/3.207)
AlxGa1–xN/AlyGa1–yN (2.45/2.2)
InxGa1–xN/InyGa1–yN (2.375/2.2)
AlxGa1–xN/InyGa1–yN (2.45/2.2)
AlxGa1–xN/AlN (2.2/2.192)
InxGa1–xN/AlN (2.2/2.192)
AlN/GaN (2.192/2.539)
ZnO/GaN (1.678/2.539)

x = 0.67
x = 0.53
x = 0.59, y = 0.53
x = 0.64, y = 0.44
—
x = 0.04, y = 0.52, z = 0.49
x = 0.8
x = 0.3
x = 0.5, y = 0.5
x = 0.53
x = 0.59, y = 0.53
x = 0.64, y = 0.44
x = 0.04, y = 0.52, z = 0.49
x = 0.18, y = 0.8
x = 0.1, y = 0.4
x = 0.18, y = 0.4
x = 0.8
x = 0.04
—
—

GaAs (3.655)
InP (3.207)
InP (3.207)
InP (3.207)
GaAs (3.655)
GaAs (3.655)
GaN (2.539)
GaN (2.539)
InP (3.207)
GaAs (3.655)
GaAs (3.655)
GaAs (3.655)
InP (3.207)
GaN (2.539)
GaN (2.539)
GaN (2.539)
GaN (2.539)
GaN (2.539)
GaN (2.539)
GaN (2.539)

0.98
0.92
0.74
0.68
0.99
0.99
0.97
0.97
0.90
0.68
0.56
0.50
0.98
0.93
0.85
0.93
0.22
0.22
0.98
0.99

123
165
148
140
147
131
60
60
161
87
79
77
203
55
49
55
31
31
61
122
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band B2 (443 nm), for making UV VCSELs along with UV
LEDs. In this part of the article, we present the reflectivity
analysis only for AlGaN/GaN stack with 0° angle of incidence for 412 nm and number of epilayers is taken from 5 to
50 with step size of 5. The analysis for all other mentioned
stacks with angles ranging from 0° to 80° with step size of
10° (for 412 and 443 nm) is part of the supplementary data
S1 and S2.
(ii) IR region 850 nm: The reflectivity simulation in this
IR regime is an important aspect of DBRs, as this can be a
building block for the light sources used in IR imaging
devices and atomic clocks. This part of the article present
the reflectivity analysis only for AlGaAs/GaAs stack with
0° angle of incidence (for 850 nm) and number of epilayers
is taken from 5 to 50 with step size of 5. The analysis for all
other mentioned stacks with angles ranging from 0° to 80°
with step size of 10° (for 850 and 980 nm) is part of the
supplementary data S3 and S4.
(iii) IR region 1.3 lm: This wavelength regime is one of
the most important regimes in electromagnetic spectrum due
to application in optical communication and short connects.
This part of the article contains the reflectivity analysis only
for InGaAsP/InP stack with 0° angle of incidence (1.3 lm)
and number of epilayers is taken from 5 to 50 with step size
of 5. The analysis for all mentioned stacks with angles
ranging from 0° to 80° with step size of 10°
(for 1.3 and 1.55 lm) is part of the supplementary data S5 and
S6.
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Figure 2. Theoretical prediction of reflectance for DBRs as a
function of wavelength with varying number of layers in stack for
412 nm at 0° angle of incidence (variation for other angle of
incidences for each stack for 412 and 443 nm is shown in
supplementary data S1 and S2).

(b) Comparison of reflectivity of a given stack (at a constant number of layers) as a function of wavelength for
varying angle of incidences
(i) UV region 412 nm: Here we present the reflectivity
analysis only for a particular number of layers (say 30 no.)
for AlGaN/GaN stack with angle of incidence ranging from
0° to 80° with step size of 10°. The analysis for number of
layers ranging from 5 to 50 with a step size of 5 for all the
epilayer stacks (for 412 and 443 nm) is part of the supplementary data S1 and S2.
(ii) IR region 850 nm: In this part of the article we
present the reflectivity analysis only for a particular
number of layers (say 30 no.) for AlGaAs/GaAs stack
with angle of incidence ranging from 0° to 80° with step
size of 10°. The analysis for number of layers ranging
from 5 to 50 with a step size of 5 for all the epilayer
stacks (for 850 and 980 nm) is part of the supplementary
data S3 and S4.
(iii) IR region 1.3 lm: In this part of the article the
reflectivity analysis only for a particular number of layers
(30 no.) for InGaAsP/InP with angle of incidence ranging
from 0° to 80° with step size of 10° is done. The analysis for
number of layers ranging from 5 to 50 with a step size of 5
for all the epilayer stacks (1.3 and 1.55 lm) is part of the
supplementary data S5 and S6.

Figure 3. Theoretical prediction of reflectance for DBRs as a
function of wavelength with varying number of layers in stack for
850 nm at 0° angle of incidence (variation for other angle of
incidences for each stack for 850 and 980 nm is shown in
supplementary data S3 and S4).

Figures 2, 3 and 4 show the theoretical prediction of
reflectance for DBRs as a function of wavelength with
varying number of layers in stack for 412, 850 nm and
1.3 lm at 0° angle of incidence, while theoretical prediction
of blue shift (towards lower wavelength) in reflectance for
DBRs as a function of wavelength with increment in angle
of incidence from 0° to 80° for 412, 850 nm and 1.3 lm is
shown in figures 5, 6 and 7. The variation for reflection with
wavelengths at different angle of incidence and blue shift in
reflectance for each stack for 412, 443, 850, 980 nm, 1.3 and
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Figure 4. Theoretical prediction of reflectance for DBRs as a
function of wavelength with varying number of layers in stack for
1.3 lm at 0° angle of incidence (variation for other angle of
incidences for each stack for 1.3 and 1.55 lm is shown in
supplementary data S5 and S6).

Figure 5. Theoretical prediction of blue shift (towards lower
wavelength) in reflectance for DBRs as a function of wavelength
with increment in angle of incidence from 0° to 80° for 412 nm
(variation for other number of layers for each stack for 412 and
443 nm is shown in supplementary data S1 and S2).

1.55 lm are shown in supplementary data S1, S2, S3, S4, S5
and S6. Based on the simulation, following observations
have been made for each one of the above-mentioned
categories:
(i) It can be depicted from figures 2, 3 and 4 that
the reflectivity of AlGaN/GaN, AlGaAs/GaAs
and InGaAs/InP epilayer stacks is increased to
*99% for DBRs, if we increase the number of
layers from 5 to 50; i.e., the reflectivity of
epilayer stack increases with number of epilayers in the given stack.
(ii) Supplementary documents S1 and S2 represent
that the reflectivity of AlGaN/AlN and InGaN/
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Figure 6. Theoretical prediction of blue shift (towards lower
wavelength) in reflectance for DBRs as a function of wavelength
with increment in angle of incidence from 0° to 80° for 850 nm
(variation for other number of layers for each stack for 850 and
980 nm is shown in supplementary data S3 and S4).

Figure 7. Theoretical prediction of blue shift (towards lower
wavelength) in reflectance for DBRs as a function of wavelength
with increment in angle of incidence from 0° to 80° for 1.3 lm
(variation for other number of layers for each stack for 1.3 and
1.55 lm is shown in supplementary data S5 and S6).

AlN epilayer stack is very small and lies
between *5 and 20%, with number of epilayers
from 5 to 50; i.e., the reflectivity of epilayer
stack does not change with number of epilayers.
Thus, these DBRs can be used as ARCs.
(iii) It can be inferred from supplementary document
S3, S4, S5 and S6 that the reflectivity of InGaAs/
InP, InGaAsP/InP, AlInGaAs/InP and InGaAsP/
InP is increased only for a specific wavelength not
for a broad spectrum with increment in number of
layers from 5 to 50; i.e., the reflectivity of epilayer
stack increases only for a particular or single
wavelength with number of epilayers. These type
of DBRs can be useful for single wavelength
detection sources or detectors.
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(iv) Figures 5, 6 and 7 show that as the angle of
incidence increases from 0° to 80o for a
particular DBR design, blue shift in reflectance
(towards low wavelength values) is observed.
(v) For UV region maximum reflectivity value
(*0.99) has been obtained for ZnO/GaN followed by binary compound AlN/GaN and
ternary compounds AlGaN/GaN and InGaN/
GaN. For epilayer stack, AlxGa1–xN/AlN
(x = 0.8) and InxGa1–xN/AlN (x = 0.3) the
reflectance is very low at 412 and 443 nm, as
the difference between refractive indices of the
materials is very small (*0.004). These types of
materials may be used as ARCs for optoelectronic devices.
(vi) In IR region (850 and 980 nm), maximum
reflectivity value (*0.99) is obtained for quaternary compound AlGaAsSb/AlAsSb followed
by binary compounds AlAs/GaAs, AlGaAs/
GaAs. These material stacks can be suitable choices for fabrication of highly reflecting
DBRs while InGaAs/InP, AlGaInAs/InP and
InGaAs/InP show increment at a single wavelength so can be used as DBRs for single
wavelength detectors.
(vii) In IR region (1.3 and 1.55 lm) maximum
reflectivity value (*0.99) is obtained for ternary
compound InGaAs/InP, AlGaAsSb/AlAsSb and
AlGaInP/InP. These types of materials can be
suitable choices for DBRs for optoelectronic
devices used in optical communication.
(viii) The operational wavelength spectrum of reflectivity for DBRs broadens with increment in
number of epilayers in the stack. As the
difference between refractive indices of constituent epilayers increases, operational wavelength range also becomes broader.
(ix) Reflectivity of the DBR stack increases with the
difference in refractive indices (Dn) of higher
and lower refractive index materials, i.e., reflectivity for AlGaAsSb/AlAsSb is higher than that
of InGaAs/InP, which is further greater than that
for AlGaAs/GaAs.
(x) From table 1 it can be inferred that the stop band
increases with the reflectivity peak. Here we
have mentioned the maximum value of reflectivity and stop band only for 30 layers.

4.

Conclusion

In this article, design for DBRs for various optoelectronic
devices such as VCSELs, CCDs, solar cells is proposed. It
is seen that more than 99% reflectivity can be achieved from
AlGaAsSb/AlAsSb on GaAs or InP, AlAs/GaAs on GaAs
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and ternary compounds AlGaAs/GaAs, InGaAs/InP on InP,
can be better choices of DBRs for imaging and optical
communication, while AlGaN, InGaN, AlGaN/AlGaN on
GaN can be suitable for UV applications, such as fabrication of UV LEDs and for efficiency enhancement in UV
regime for CCDs. It is also observed that difference
between refractive indices for AlGaAsSb/AlAsSb is more
than InGaAs/InP and that of AlGaAs/GaAs DBRs, reflectivity of AlGaAsSb/AlAsSb is higher than that of InGaAs/
InP, which is further higher than AlGaAs/GaAs DBRs. It is
inferred that the reflectivity of epilayers and broadness of
operational spectrum increases with number of epilayers.
As the angle of incidence increases from 0° to 80° for a
particular DBR design, blue shift in reflectance (towards
low wavelength values) is observed. The increase in
reflectivity is also observed with increase in difference in
refractive indices of epilayers. These highly reflecting
DBRs are also designed as light trapping layer in quantum
dot solar cells to trap the light within the active region. In
this study, calculated reflectivities of various epitaxially
grown DBR structures are compared and best suited structures are proposed for optical communication, IR imaging
and ARCs.
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