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Abstract: In this work, a defect based photonic crystal (PC)
structure presented for design of tunable infrared
photodetector. Absorption response was investigated under the
effects of various structural parameters. Using straight
transfer matrix method, PC band edge effect was studied on
absorption and a significant absorption enhancement up to
%96 was achieved for defect-based structure.
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1.

Introduction

Infrared (IR) photodetectors are extremely important in wide
area of applications such as environmental monitoring,
combustion exhausted efficiency [1-3], remote identification of
chemical and biological compounds [4], thermal imaging
sensors, sallow night vision, surveillance products, building
inspection and anomaly detection [5-8]. There are different
technologies for a different range of detection wavelength as an
example poly-Si metal–insulator–semiconductor and GaN/Si
based detector for ultraviolet, telluride-based semiconductors for
terahertz and quantum well and dot for IR range [9-12]. Over the
past years, huge efforts have been done for improvement of IR
photodetectors characteristics using different processes and
structures like a photonic crystal (PC), metallic array, DBR
layers and nonlinearity [12-13]. Photonic crystal structure with
periodic array of different dielectric materials perturbs
propagating frequency modes and causes occurrence of photonic
band gaps (PBG) [14]. The resulted band edge mode with low
group velocity effect is utilized for manipulating of lasing and
absorbing gain of active layer [15]. Studies on gain
characteristics of PBG structures are focused on low-threshold
laser presented in numerous papers [15-16] and absorbing gain
under effect of 2D photonic crystal, discussed in some
references [17-18].
There are a variety of numerical methods like a plane wave
expansion (PWE), finite difference time domain method
(FDTD), finite difference frequency domain (FDFD), and
transfer matrix method (TMM) for studding propagation of light
in PC structures [19-22]. TMM used in this work, is a wellknown method for solving Maxwell’s equation in 1D structures.
This method is competitive with other methods such as PWE
and FDTD. Comparison between these methods reveals that
TMM results are in good agreement with experimental results,
especially for 1D PC [23].
In this work, multilayered dielectric structure, known as 1D PC,
was analyzed for designing tunable IR photodetector. Structural
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parameters including non-absorptive layer refractive index,
number of top and bottom layers and defect layer thickness were
completely analyzed and classified. This regular classification
yields some rules for designer to design higher performance IR
photodetector. The results were used for exact tune of peak
response location in IR spectrum. A significant enhancement up
to %96 was observed in absorption coefficient using these
structures.
The rest of this paper is organized as follows. In section 2, the
simulation method used in this work explained. In section 3
parameters of defect-based structure has been presented for
designing IR photodetector.
2.

Numerical Method

TMM is a well-known method for solving Maxwell’s
equations for investigating electromagnetic wave propagation in
1D PC. This method was applied in the present study for
calculation of scattering parameters i.e. transmission, reflection,
and absorption coefficients of 1D PC-based photodetector. In
this method, the electrical field is considered as sum of two
transmitted and reflected wave components [23-25]:

E (z ,  )  E t e ik .z  E r e  ik .z

(1)

In this work, structure was divided into N segments and then
Maxwell boundary equations were applied to each segment.
Based on this method, for a propagation of wave through two
segments, two matrixes are inserted: Pi and Ii. Pi is for wave
propagation in each segment as continuum environment and Ii is
for a propagation of wave in interface of two adjacent segments.
Finally, total transfer matrix M was calculated using Pi and Ii, as:
2n

M  I 2 n 1  Pi I i

(2)

i 1

In this method, absorption coefficient was calculated from
difference of all input power from sum of transmission and
reflection coefficients, T and R, respectively. T and R were
calculated from Eq. (3) and Eq. (4), respectively:

T  M 11  M 12 M 21 M 22
R  M 21 M 22

2

2

(3)
(4)

Where, Mij is M matrix element.
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3.

3.2. 1D Photonic Crystal IR Absorption Spectrum

Simulation and Results

3.1. 1D Photonic Crystal
Schematic of 1D PC constructed from N periods of different
dielectric materials is shown in Fig .1(a). Layers have refractive
index and thickness of n1, d1 and n2, d2, respectively. The total
thickness of device is N(d1+d2) + ds, where ds is substrate
thickness.
The thickness of each individual layer for a certain central
wavelength in IR spectrum (λ0) can be calculated from Eq. (5):

di 

0

4  ni
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When inserting absorptive region (yellow layers in Fig .1(a)),
the imaginary part of refractive index causes absorption of
incident wave in device while propagating through it. Results
were considered for two structures with different refractive
indices. For a first structure (S1) the non-absorptive layer has
smaller refractive index than absorptive layer refractive index
means: n1=3.55+i0.035 and n2=1.7. For the second structure (S2),
non-absorptive layer has greater refractive index than absorptive
layer refractive index, as n1=3.55+i0.035 and n2=5.5. For these
two structures, scattering parameters transmission, reflection and
absorption coefficients were calculated and presented in Fig.
1(b) and Fig. 1(c).
As understood from Fig. 1, all three coefficients are changing
concurrently. This means that when one of the coefficients
decreases or increases the other ones increase or decrease. For
example for n2=5.5, in frequency range of 1.120    2.30
that absorption coefficient increases, the reflection and
transmission coefficients decrease. In addition, comparing
refractive indices in S1 and S2, it was observed that in S2
refractive indices ratio of two sequential layers decreases and
results in a decrease in Bragg effect. Therefore, it can be stated
that absorption coefficient increases in high frequencies. In
smaller frequencies, wavelengths increase and the incoming
light sees periodicity of structure poorly, resulting in weak
Bragg effect, thus transmission increase.
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Fig. 2. Absorption coefficient of S1, S2 and reference structures.

Fig. 1. (a) Schematic of PC structure used for IR photodetector.
Transmission, reflection and absorption coefficients of 1D PC for IR
Central
wavelength
for mid
photo detection
photodetector
for a (b) S1 structure
with ninfrared
1=3.55+i0.035 and n2=1.7
considered
and (c) S2 structure
as λ0=3μm.
with n1=3.55+i0.035
The thickness
and values
n2=5.5. can be a multiple

is
of
calculated thickness from Eq.(5); however, they should be
selected small enough that the incoming wave in IR spectrum
sees the changing of dielectric longitudinally and also computer
simulation load does not ineffectually increase.
The coupling effect from source medium, air in this example,
to structure and coupling wave from device to environment were
considered as two P0 and Pn matrixes, respectively.
IJSET@2014

Also, absorption coefficient for S1, S2 and reference structure
shown in Fig .2. There is edge band enhanced absorption for S1
and S2 structures as shown in Fig .2. As depicted in this figure,
because of wave energy concentration, absorption enhancement
occurs in lower frequencies at band edge when refractive index
of absorptive material is higher than non-absorptive material (i.e.
in S1 structure). In this way, absorption enhancement occurs in
higher frequencies in band edge, when the refractive index of
absorptive material is lower than non-absorptive material (i.e. in
S2 structure).
3.3. IR Absorption Spectrum of 1D Photonic Crystal with
Defect layer
For fine tune of absorption response in certain wavelength in
IR spectrum, a defect layer is inserted into the structure [26-27].
The defect layer was selected from absorptive layer type. By
adding this defect layer, comparing with Fig. 1(b) and Fig. 1(c),
Page 1120
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the absorption gap around λ0 vanishes and new absorptive modes
arises that changes with changing structural parameters. Using
this property, the effect of different structural parameters (e.g.
refractive index of non-absorptive layer, defect layer thickness
and number of bottom and top layers) regularly were examined
for design of tuned photodetector. This range of designing
parameters allows designers to exactly tune the absorption
response peak location for various applications.

3.3.1. Changing Number of Layer Under the Defect Layer
The effect of bottom layer numbers (Nr) in absorption response
is shown in Fig. 3(a). These layers are located under the defect
layer. As shown in the figure, for small values of Nr the
amplitude of peak is decreased since the incoming light can
escape easily from defect region to substrate without being
absorbed. For greater values of Nr, light cannot escape and is
more confined and eventually absorbed. For Nr=10 absorption
reaches 0.92 and finally for Nr=20 absorption saturates with
maximum value and there is no need for further raise of this
parameter. There is little difference between absorption for
Nr=10 and Nr=20; however, for the smaller values of Nr, device
has shorter length. Thus, the value of Nr=10 is selected as the
optimum value.
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area. As shown in Fig. 3(b), for range of 2-8, Nl=4 is proper
value for designing, as for this value absorption peak get
maximum (shown in blue color in Fig. 3(b)).

3.3.3. Changing Refractive Index of non-absorptive Layer
The effect of non-absorptive layer refractive index (n2) in
absorption response illustrated in Fig. 4(a). This parameter
varies gradually in the range of 2 to 5.5. For value of 2, there is
no notable peak in absorption response. When n2 equals to 2.6, a
considerable peak appears in response. This peak has a blue shift
with increasing n2 and finally disappeared at n2=3.4 and then
another peak showing itself at greater wavelength. This new
peak becomes dominant peak in absorption response for values
greater than n1.This peak is depicted in Fig. 4(a) in pink color for
n2=5.5.
3.3.4. Changing Defect Layer Thickness
Another important parameter for designing a defect PC-based
photodetector is defect layer thickness (td). Fig. 4(b) shows the
effect of this parameter on absorption. Generally speaking, when
the absorptive layer thickness increases the

3.3.2. Changing Number of Layers Above the Defect Layer
The effect of top layer numbers (Nl) in absorption response is
shown in Fig. 3(b). As shown in this figure, for

Fig. 3. (a) Absorption response of PC for IR photodetector for different number
of bottom layer and Nl =4 (b) Absorption response of PC for IR photodetector
for different number of top layer and Nr =10.

small values of Nl, the amplitude of peak is decreased due to the
weak effect of Bragg scattering, on the other hand, once the
number of top layer was increased, i.e. Nl =8, the incoming wave
highly reflected and cannot inter to the structure and reach
absorptive region. Therefore, there is a tradeoff between Bragg
scattering effect and input power value that reaches absorption
[Type text]

Fig. 4. (a) Absorption response of PC for IR photodetector for different value of
non-absorptive layer refractive index and (b) Absorption response of PC for IR
photodetector for different value defect layer thickness. absorption coefficient
will also increase, because of more absorptive material. However, this absorption
probably does not occur in certain wavelength for desired application.
Accordingly, it is required to find the optimum value of td leading to the most
amount of absorption in cavity mode. As shown in Fig. 4(b), the defect layer
thickness varies gradually from 300nm to 1500nm. As illustrated in the figure,
for dd=300nm, there is a week defect mode with week amplitude. An increase in
thickness of defect layer results in the increasing absorption peak amplitude,
where at dd=900 nm, there is a strong defect mode in 1D PC structure resulting in
higher peak value in absorption response (shown in red color in Fig. 4(b)). After
this value (dd=900 nm), the absorption peak amplitude decreases and finally
vanishes. Thus dd=900 nm is the optimum value here.
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4.

Conclusion

In this paper, defect-based PC was used for designing IR
photodetector. Using TMM method, the effects of structural
parameters including were investigated. Utilizing the obtained
results, a significant absorption coefficient was obtained up to
%96. Results showed there is a blue shift in absorption mode
with increasing non-absorptive layer refractive index that can be
used for tuning of absorption mode.
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