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This study examined MQWsmade of InGaAs/GaAs, InAlAs/InP, and InGaAs/InP in terms of their band structure and reflectivity.
We also demonstrated that the reflectivity of MQWs under normal incident was at maximum, while both using a strong pump and
changing incident angle reduced it. Reflectivity of the structure for a weak probe pulse depends on polarization, intensity of the
pump pulse, and delay between the probe pulse and the pump pulse. So this system can be used as an ultrafast all-optical switch
which is inspected by the transfer matrix method. After studying the band structure of the one-dimensional photonic crystal, the
optical stark effect (OSE) was considered on it. Due to the OSE on virtual exciton levels, the switching time can be in the order of
picoseconds. Moreover, it is demonstrated that, by introducing errors in width of barrier and well as well as by inserting defect, the
reflectivity is reduced.Thus, by employing the mechanism of stark effect MQWs band-gaps can be easily controlled which is useful
in designingMWQbased optical switches and filters. By comparing the results, we observe that the reflectivity of MWQ containing
200 periods of InAlAs/InP quantum wells shows the maximum reflectivity of 96%.

1. Introduction

Photonic crystals (PCs), which are artificially fabricated
materials with periodic structures, have high importance due
to their capability to create forbidden frequencies known
as photonic band-gaps (PBGs) [1]. PBGs are widely used
in optical reactors [2], photon localization [3], spontaneous
emission control from atoms [4, 5], PC waveguides fabrica-
tion [6], and so on. Alongside the geometrical parameters of
the PCs, the constituent materials types used in the PC have
a great impact on their band structure. Optical properties
of the PCs of various types of materials such as metals,
semiconductors, graphenes, and metamaterials are explored
in previous studies [7–10]. However, PBGs in conventional
dielectric PCs strongly depend on the polarization and
incidence angle of the electromagnetic waves and this may
differ in other types of PCs as well.

On the other hand, reflection of PBGs is an essential
feature for controlling the reflecting spectrum of a PC,

which can be provided by regulation of optical properties for
constituent materials of a photonic crystal. Due to limited
rate for conventional electric driven switches and need
for enhancement of network communication capacity, it is
necessary to use all-optical devices instead of electrons to
speed up data transferring and processing [11, 12].

In this article, optical properties and reflectivity of a
signal which is in resonance with an active band-gap of
the one-dimensional resonant photonic crystal containing
InGaAs/GaAs, InAlAs/InP, and InGaAs/InP semiconductor
multiple quantum wells (MQWs) are investigated. Maxwell’s
equations, the continuity of the tangential component of
the electromagnetic field, and transfer matrix method were
applied to study the role of incident angle and photonic
band-gap of InGaAs/GaAs, InAlAs/InP, and InGaAs/InP that
are in resonance with the excitonic level in the presence
and absence of a strong pump pulse. Unlike conventional
passive photonic band-gap, when excitons in quantum wells
with Bragg frequency are affected by strong optical pump
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Figure 1: A schematic of 1D photonic crystal containing𝑁multiple
quantum wells with different refractive index. 𝑑𝐵 is the width of
quantum well and 𝑑𝐴 is width of quantum barrier which in the
following will be shown with 𝑑𝑤 and 𝑑𝑏, respectively.

pulse at a frequency close to the frequency of exciton, it is
expected that the position and width of photonic band-gap
modulated through the Stark effect and the reflectivity to not
be in resonance with the exciton anymore. Consequently, this
might help to control the band-gap of photonic crystals by use
of a pulse pump along with the Stark effect [13, 14].

2. Mathematical Approach

1D multiple quantum well PCs with a periodic structure of(𝐴𝐵)𝑁 were considered as shown in Figure 1, where A and B
represent PC consisting of two different dielectric materials
with the refractive indices of 𝑛𝐴, 𝑛𝐵 and thicknesses of 𝑑𝐴
and 𝑑𝐵. N also denotes the number of QW periods. Since the
layers are nonmagnetic, their permeabilites are 𝜇𝐴 = 𝜇𝐵 = 1.

The transfer matrix approach was used in order to inves-
tigate the band-gap of semiconductor MQWs [15]. Suppose
that an electric wave (E), along the 𝑦-direction, is normally
(along the 𝑧-direction) incident on the structure as shown in
Figure 1. The structure is surrounded by air. In general, the
electric and magnetic fields at any two positions 𝑧 and 𝑧+Δ𝑧
in the same layer can be related via a transfer matrix. The
transfer matrix of the primitive cell of a 1D photonic crystal
can be written [16]:

𝑀(𝛼)𝑗 = 𝑀1/2𝑏 𝑀𝑏𝑤𝑀𝑤𝑀−1𝑏𝑤𝑀1/2𝑏 , (1)

where

𝑀1/2𝑏 = (𝑒𝑖𝜑𝑏/2 0
0 𝑒−𝑖𝜑𝑏/2) (2)

is the transfer matrix through the halves of barriers which
surround the entire quantum well and 𝜑𝑏 = 𝜔𝑛𝑏𝑑𝑏 cos 𝜃𝑏/𝑐
is the phase increment of the light propagation through the
barrier. Furthermore, 𝑛𝑏, 𝑑𝑏, 𝜃𝑏, and 𝑐 are the refractive
index of barrier, barrier width, incident angle, and the
vacuum velocity through the barrier, respectively. Consid-
ering normal illumination, 𝜃𝑏 should be equal to 0∘. The

electromagnetic wave through the interface between the well
and barrier of QW could be described by

𝑀𝑏𝑤 = 𝑀−1𝑤𝑏 = 11 +  (
1 
 1) , (3)

where  = (𝑛𝑤 − 𝑛𝑏)/(𝑛𝑤 + 𝑛𝑏) is the Fresnel reflection
coefficient.

Transfer matrix of quantum well is

𝑀𝑤 = ((1 − 𝑖𝜍) 𝑒
𝑖𝜑
𝑤 −𝑖𝜍

𝑖𝜍 (1 + 𝑖𝜍) 𝑒−𝑖𝜑𝑤) , (4)

where 𝜑𝑤 = 𝜔𝑛𝜔𝑑𝜔 cos 𝜃𝑤/𝑐, 𝜃𝑤 = 0, and 𝜍 = Γ0/(ℎ𝜔 − ℎ𝜔0 +𝑖𝛾) denotes the excitonic contribution to the scattered light
in which 𝜔 and 𝜔0 are frequencies of the incident light and
exciton resonance, respectively.𝛾 is nonradiative exciton damping rate and Γ0 is radiative
damping rate of a single quantum well [16]. Considering (1)
total transfer matrix surrounded by other halves of barriers
can be written as

𝑀(𝛼)𝑁 = 𝑀1/2𝑏 (𝑀(𝛼)𝑗 )𝑁𝑀1/2𝑏 . (5)

Generally𝑀(𝛼)𝑁 is a 2× 2matrix that can be written as𝑀(𝛼)𝑁 =(𝑀11 𝑀12𝑀21 𝑀22
). As well as total reflectivity of the MQWs can be

given by

𝑅 = 
𝑟01 + 𝑟1 + 𝑟𝑟01


2 , (6)

where 𝑟 = −𝑀21/𝑀22 is the reflection coefficient of the QW
and 𝑟01 = −(𝑛𝑏−1)/(𝑛𝑏+1) is the Fresnel reflection coefficient.

By adding a defect into the midway of the MOWs, total
transfer matrix can be given by (7). In this case (5) will be
written as

�̃�(𝛼)𝑁
= 𝑀1/2𝑏 (𝑀(𝛼)𝑗 )𝑁/2𝑀1/2𝑏 𝑀𝐷𝑀1/2𝑏 (𝑀(𝛼)𝑗 )𝑁/2𝑀1/2𝑏 ,

(7)

where

𝑀𝐷 = (𝑒
𝑖𝜑𝐷 0
0 𝑒−𝑖𝜑𝐷) (8)

and 𝜑𝐷 = 𝜔𝑛𝐷𝑑𝐷 cos 𝜃𝐷/𝑐 (herein 𝜃𝐷 = 0). 𝑛𝐷, 𝑑𝐷, 𝜃𝐷, and𝑐 are the refractive index of defect, the defect width, incident
angle, and velocity of light through the vacuum, respectively.

It should be noted that

�̃�(𝛼)𝑁 = (�̃�11 �̃�12�̃�21 �̃�22) (9)

and in this case 𝑟 is defined as 𝑟 = −�̃�21/�̃�22.
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Figure 2: Reflectivity of 200-periodic QWs without presence of a strong pump pulse for (a) In𝑥Ga1−𝑥As/InP, (b) In𝑥Ga1−𝑥As/GaAs, and (c)
In𝑥Al1−𝑥As/InP.

3. Results and Discussion

In the numerical calculations performed on a MQW con-
sisting of 200 periods of InGaAs quantum wells and InP
barriers, the optical and geometrical parameters of the system
at 𝜆 = 1.5 𝜇m were considered as follows: 𝑛𝑏 = 3.03 𝑑𝑏 =233.3 nm, 𝑛𝑤 = 3.2003, and 𝑑𝑤 = 7 nm which are barrier
refractive index, barrier width, and quantum well refractive
index and width, respectively [11, 17]. As it is known, the
excitonic resonance energy at 10 K is ℎ𝜔0 = 0.849 ev [18].
Considering Γ0 = 27.6 𝜇ev and 𝛾 = 0.6 𝜇ev and (6),
reflectivity of theMQWunder normal incidence illumination
was numerically computed and shown in Figure 2(a) [11, 12].
The same calculations were performed for two other kinds of
MQWs comprising 200-periodic InAlAs/InP at 𝜆 = 1.9 nm
and InGaAs/GaAs at 𝜆 = 1.7 nm, with the specifications of𝑛𝑏 = 3.03, 𝑑𝑏 = 107.7 nm, 𝑛𝑤 = 2.951, and 𝑑𝑤 = 7.4 nm withΓ0 = 31 𝜇ev and 𝛾 = 0.2 𝜇ev for InAlAs/InP and 𝑛𝑏 = 3.365,𝑑𝑏 = 43.2 nm, 𝑛𝑤 = 3.20031, and 𝑑𝑤 = 7.3 nm with Γ0 =37 𝜇ev and 𝛾 = 1.01 𝜇ev for InGaAs/GaAs [19, 20].The pump
pulse which is chosen to be a Gaussian pulse is spectrally
centered 3meV below the heavy-hole (hh) exciton resonance
and has 1 ps duration, with an intensity of 12MW/cm2 [11].

Figures 2(a)–2(c) demonstrate that the computed reflec-
tivity is 87%, 92%, and 96.5% for InGaAs/InP, InGaAs/GaAs,
and InAlAs/InP, respectively. These figures exhibit that the
MQW made by InAlAs/InP is associated with higher reflec-
tivity compared to the other two MQWs. To the best of
our knowledge, this reflectivity is the highest value that has
already been reported in literature.

Figures 3(a)–3(c) show the effect of a pump pulse on the
reflectivity for the three MQWs in the presence of a strong
pulse pump. It is evident that, by imposing a strong pulse
pump, reflectivity is noticeably (about 40%) reduced.

To realize the optical Stark effect (OSE), band-gaps of
the consideredMQWs versus the incident angle were studied
with and without a strong pump. Figures 4(a)–4(c) show the
band-gaps for InGaAs/GaAs, InGaAs/InP, and InAlAs/InP in
the absence of the pump.

Figures 5(a)–5(c) depict the same band-gaps for
InGaAs/GaAs, InGaAs/InP, and InAlAs/InP in the presence
of the pump.

By applying strong external pump pulse with a frequency
close to the excitonic frequency, the photonic band-gaps are
modulated and for a given frequency the reflectivity became
out of resonance state as illustrated in Figures 5(a)–5(c).

Therefore, the system can act as an all-optical switch,
considering a significant shift in optical gap-band of the
photonic crystal. Further investigation was performed to
evaluate the impact of the incident angle on the reflectivity.
Equation (6)was used to plot reflectivity under three different
incident angles for InGaAs/InP MQW (Figure 6(a)). As can
be seen in Figure 6 without external pump the reflection
peak of InGaAs/InP is complete at the resonant frequency for𝜃 = 0∘. However, evident shifts along with little suppression
can be seen in reflectivity by changing the incident angle to𝜃 = 30∘ and 𝜃 = 60∘.

The effect of incident angle and width error was also
studied for the other two MQWs shown in Figures 7 and 8.
As it was expected we can see a shift in the reflectivity by
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Figure 3: Reflectivity of 200-periodic QWs with presence of a strong pump pulse for (a) In𝑥Ga1−𝑥As/InP, (b) In𝑥Ga1−𝑥As/GaAs, and (c)
In𝑥Al1−𝑥As/InP.
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Figure 4: Black areas are band-gaps of photonic crystals containing 200-periodic (a) InGaAs/InP, (b) InGaAs/GaAs, and (c) InAlAs/InP
QWs without implementing an external pump pulse.

any change in the incident angle for both of InGaAs/GaAs
(Figure 7(a)) and InAlAs/InP (Figure 8(a)) as well.

As it can be seen in Figures 7(b) and 8(b), considering
1 nm and 2 nm width errors for both of InGaAs/GaAs and
InAlAs/InP MWQs were associated with slight suppression
in reflectivity.

We further studied the impact of two types of defects
on the reflectivity of InGaAs/InP MQW by adding a glass

layer and doubling the width of central well. Adding a glass
layer of thickness 𝑑𝑔 = 13.16 nm and refractive index 𝑛𝑔 =1.6 resulted in reduction of reflectivity at the resonance
(Figure 9(b)). Furthermore, doubling the width of the central
well was associated with a drop of reflectivity at the resonance
(Figure 9(c)). Eventually, it is worth noting that implementing
any defect intoMQWwhich alters the Bragg condition causes
reduction of reflectivity performance.
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Figure 5: Black areas are band-gaps of photonic crystals containing 200-periodic (a) InGaAs/InP, (b) InGaAs/GaAs, and (c) InAlAs/InP
QWs with implementing an external pump pulse.
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Figure 6: (a) Reflectivity of 200-periodic InGaAs/InP quantum well for 𝜃 = 0∘ (solid line), 𝜃 = 30∘ (dashed line), and 𝜃 = 60∘ (dashed-dot
line). (b) Effect of width error in the switch performance. The solid line shows the reflectivity with no error. The dashed line shows 1 nm
error of both quantum barrier and well width on the reflectivity. Dashed-dot line shows 2 nm error of quantum barrier and well width on the
reflectivity. (b) illustrates the effect of 1 nm and 2 nm width errors showed by dashed and dashed-dotted lines, respectively, on the reflectivity
of InGaAs/InP MQW in normal incident. Resultantly, we see that even 1 nm width error causes a shift from resonance frequency and the
reflection will also be suppressed slightly. Besides, 2 nm width error on the quantum barrier and well width results in a significant impact on
the switch performance and the system will completely be suppressed.
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Figure 7: (a) Reflectivity of 200-periodic InGaAs/GaAs quantum well for 𝜃 = 0∘ (solid line), 𝜃 = 30∘ (dashed line), and 𝜃 = 60∘ (dashed-dot
line). (b) Effect of width error on the switch performance. Solid line shows the reflectivity with no error. Dashed line shows 1 nm error of both
quantum barrier and well width on the reflectivity. Dashed-dot line shows 2 nm error of quantum barrier and well width on the reflectivity.
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Figure 8: (a) Reflectivity of 200-periodic InAlAs/InP quantum well for 𝜃 = 0∘ (solid line), 𝜃 = 30∘ (dashed line), and 𝜃 = 60∘ (dashed-dot
line). (b) Effect of width error on the switch performance. Solid line shows the reflectivity with no error. Dashed line shows 1 nm error of both
quantum barrier and well width on the reflectivity. Dashed-dot line shows 2 nm error of quantum barrier and well width on the reflectivity.

4. Conclusion and Outlook

This study demonstrated a theoretical model of all-optical
switches based on In𝑥Ga1−𝑥As/InP, In−𝑥Ga1−𝑥As/GaAs, and
In𝑥Al1−𝑥As/InP BSQWs structures and evaluated their

performances with and without Stark effect. By means
of comparisons, it was found that the switch adopting
In𝑥Al1−𝑥As/InP BSQWs structure has the maximum reflec-
tivity and the employment of the Stark effect mechanism for
excitonic levels can be utilized to control the crystal band-gap.



International Journal of Optics 7

1.25 1.3 1.35
0

0.5

1

Re
fle
ct
iv
ity

𝜔 (Hz) ×10
15

(a)

1

Re
fle
ct
iv
ity

1.25 1.3 1.35
0

0.5

𝜔 (Hz) ×10
15

(b)

Re
fle
ct
iv
ity

1

1.25 1.3 1.35
0

0.5

𝜔 (Hz) ×10
15

(c)

Figure 9: Reflectivity spectra of InGaAs/InP QMW (a) without any defect, (b) with inserting a glass layer as a defect with refractive index𝑛𝑔 = 1.6 and thickness of 𝑑𝑔 = 13.16 nm, and (c) with doubling the width of the central well.

All these BSQWs, specially In𝑥Al1−𝑥As/InP, are appropriate
for using as all-optical switches. The influence of width error
was also studied. It was found that any error even 1 nm or
any defect can affect the Bragg condition and cause reduction
of reflectivity performance and consequently impact on the
switch performance.
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