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Abstract 
In this paper, a quantum cascade photodetector based on intersubband transi-
tions in quantum wells with ability of detecting 1.33 μm and 1.55 μm wave-
lengths in two individual current paths is introduced. Multi quantum wells 
structures based on III-Nitride materials due to their large band gaps are used. 
In order to calculate the photodetector parameters, wave functions and energy 
levels are obtained by solving 1-D Schrodinger–Poisson equation self consis-
tently at 80 ˚K. Responsivity values are about 22 mA/W and 18.75 mA/W for 
detecting of 1.33 μm and 1.55 μm wavelengths, respectively. Detectivity values 
are calculated as 1.17 × 107 (Jones) and 2.41 × 107 (Jones) at wavelengths of 
1.33 μm and 1.55 μm wavelengths, respectively. 
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1. Introduction 

Quantum well infrared photodetectors (QWIPs) as thermal imagers using focal 
plane arrays (FPAs) have been studied extensively [1] [2] [3]. For electronic 
transport QWIPs operate at photoconductive and photovoltaics modes. Applica-
tions of QWIPs at photoconductive mode are limited at low temperature be-
cause of existence an external applied bias. QWIPs based on photovoltaic mode 
are promising devices operating in high temperature and longer wavelength ap-
plications because of having no external voltage bias and dark current [4]. 
Quantum cascade detectors (QCDs) operating in photovoltaics mode are prom-
ising devices for small pixel large area FPAs, multicolor detection and demultip-
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lexers [5]. A typical QCD consist of an active region constructed of multiple pe-
riods, each containing a thick, highly doped active QW and a nominally un-
doped extraction cascade composed of thinner QWs. The electrons in the 
ground state of doped wells in each period are excited to the upper level, then 
extract from this well by emission of an optical phonon. The speed of detectors 
based on intersubband transition (ISBT) is limited by the electron ISBT scatter-
ing time is about 1 ps [3]. Conduction-band ISBT QCDs operate based on pho-
ton–electron interactions between quantized subbands in the conduction band 
of wells. In QCD structure Multi quantum wells (MQWs) are designed depen-
dant on detected wavelengths [6] [7] [8] [9] [10]. For small wavelength, quan-
tum well structures with small conduction band offset such as GaAs/AlGaAs and 
InGaAs/InAlAs are used [5] [6] [7]. MQWs based on III-Nitride materials due 
to large conduction band offset and large LO-phonon energy are the best candi-
date for design of UV and NIR photodetector [11] [12] [13] [14] [15]. In the 
other hand, 1.33 μm and 1.55 μm wavelengths are interest, because of their im-
portance in optical fiber communications. Attenuation of fiber glass at 1.55 μm 
wavelength is minimal so, this wavelength useful for long distance communica-
tion. Also, distortion of optical signal centered at 1.33 μm wavelength is minim-
al.  

In this paper, a QCD for detecting of 1.33 μm and 1.55 μm wavelengths in in-
dividual current paths based on intersubband transitions in AlGaN/AlN MQWs 
is designed. Paths are separated by 100 Å AlN In order to calculate photodetec-
tor parameters, wave functions and energy levels are obtained by solving 1-D 
Schrodinger–Poisson equation self consistently at 80˚K. Incident wavelength ex-
cite the electrons populated the first energy level of n+ doped QWs, after that 
they are extracted from first wells by emitting optical phonons emission having 
energy close to GaN LO-phonon energy (92 meV). Responsivity of paths is 
about 22 mA/W and 18.75 mA/W for detecting of 1.33 μm and 1.55 μm wave-
lengths respectively. Detectivity values are calculated as 1.17 × 107 (Jones) and 
2.41 × 107 (Jones) at wavelengths of 1.33 μm and 1.55 μm respectively.  

2. Theoretical Background and Simulation Results 

A 3D view of the design QCD with ability of detection 1.33 μm and 1.55 μm wa-
velengths in two separated paths is indicated in Figure 1. 

Each path separated by 100 Å AlN. Paths 1 and 2 are designed for detection of 
1.33 μm and 1.55 μm wavelengths, respectively. They possess 20 periods Alx-

Ga1−xN/AlN MQWs, the thickness of barriers and wells listed in Table 1 and 
Table 2. The first QWs in each path are n+ doped with concentration of 5 × 1011 
cm−2. Conduction band edge and wave functions for each path are shown in 
Figure 2. As shown in Figure 2, by incoming radiation, the photoexcited elec-
trons transport to the lower energy levels with optical phonons emission close to 
GaN LO-phonon energy (92 meV) until reach the first levels in the next period 
of the path. 
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Figure 1. A 3D view of the design QCD with ability of detection 1.33 μm and 1.55 μm 
wavelengths in two separated paths. 
 
Table 1. Path1 with 20 periods MQWs for detection 1.33 μm. 

Wells Thickness (Å) Barriers Thickness (Å) 

Al0.4Ga0.6N 20 AlN 15 

Al0.7Ga0.3N 18 AlN 16 

Al0.45Ga0.45N 10 AlN 16 

Al0.45Ga0.45N 11 AlN 16 

Al0.45Ga0.45N 12 AlN 16 

Al0.45Ga0.45N 13 AlN 16 

Al0.45Ga0.45N 14 AlN 16 

Al0.45Ga0.45N 15 AlN 16 

Al0.45Ga0.45N 16 AlN 16 

Al0.45Ga0.45N 17 AlN 16 

Al0.45Ga0.45N 19 AlN 16 

Al0.4Ga0.6N 20 AlN 16 
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(a) 

 
(b) 

Figure 2. Conduction band edge and wave functions for each path for detection of (a) 
1.33 μm and (b) 1.55 μm. 
 
Table 2. Path 2 with 20 periods MQWs for detection 1.55 μm. 

Wells Thickness (Å) Barriers Thickness (Å) 

Al0.5Ga0.5N 21 AlN 19 

Al0.7Ga0.3N 16 AlN 20 

Al0.4Ga0.6N 9 AlN 20 

Al0.4Ga0.6N 10 AlN 20 

Al0.4Ga0.6N 11 AlN 20 

Al0.4Ga0.6N 12 AlN 20 

Al0.4Ga0.6N 13 AlN 20 

Al0.4Ga0.6N 14 AlN 20 

Al0.4Ga0.6N 15 AlN 20 

Al0.5Ga0.5N 21 AlN 20 

https://doi.org/10.4236/opj.2017.78B016


S. Khosravi, A. Rostami 
 

 

DOI: 10.4236/opj.2017.78B016 120 Optics and Photonics Journal 

 

The wave functions are calculated by solving 1-D Schrodinger-Poisson self 
consistently at 80 ˚K [16]. For conduction band edges calculation pyroelectric 
and piezoelectric polarization effects in III-Nitrid materials are considered [17]. 
Internal electric field due to polarization effects in jth layer for a k layers quan-
tum structures is obtained as Equation (1) [18]:  

( )k j k j k k
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where, j and k are the number of layers. Lk, Pk, Pj, εj and εk are the length of lay-
ers, the total polarization and permittivity of jth and kth layer, respectively. 

The absorption coefficient is obtained as Equation (2) [10]: 
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where, Ei and Ef, are the quantized energy levels for the initial and final states, 
respectively. Mfi, μ, c, Leff, nr and τin are dipole matrix element between initial and 
final states, the permeability, the speed of light in free space, the effective spatial 
extent of electrons in subbands, the refractive index and the intersubband relax-
ation time respectively. The absorption coefficient at 80˚K for each path is indi-
cated in Figure 3.  

Absorption coefficient is linked to dipole matrix element between initial and 
final states through Equation (2). As illustrated the path for detection of 1.55 μm 
has small absorption coefficient due to the small overlapping of wave functions 
between initial and first levels. 
 

 
Figure 3. Absorption coefficient for paths versus incident wavelength at 80 ˚K. 
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The responsivity R for each path is obtained as Equation (3) [3]: 

e

QW c

qP
R

N hcP
λ

η=                          (3) 

where, λ, c, q, h, η, Pe, Pc, NQW are the incident wavelength, the speed of light in 
free space, the elementary charge, Planck’s constant, the quantum efficiency, the 
escape probability of an excited electron in active QW, capture probability into 
the active QW’s ground state for an electron traveling down the QCD’s cascade 
and the number of active QW periods of the QCD. Absorption efficiency is ex-
pressed as Equation (4) [3]: 

( )1 de α ωη −= −                           (4) 

where, α and d are the absorption coefficient and thickness of active well in each 
period, respectively. The responsivity for each path at 80 ˚K is indicated in Fig-
ure 4. 

In QCDs, resistance of the one period of the structure at zero bias in area of 
the device defined as R0A, is an important parameter characterized the dark 
current (current in absence of incident light) [4]. In order to calculate the R0A 
only interaction between electrons and LO-phonon is considered and interaction 
between electrons and acoustical phonons are neglected due to sufficient high 
differences between the energy levels in the studied structures [4]. R0A is ob-
tained as Equation (5) [4]: 
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Here, Gij is global transition rate between the subband i and subband j and is 
the sum of the two transition rates for absorption of LO phonons (Gaij), and  
 

 
Figure 4. Responsivity for each path versus incident wavelength at 80 ˚K. 
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emission of LO phonons (Geij) [4]. For one period of each path R0A as a function 
of 1000/T is shown in Figure 5. To obtain the total resistance in area (R0A) the 
values in Figure 5 must be multiplied in numbers of periods. As shown in Fig-
ure 5, R0A for path 1 has lower values than R0A of path 2 due to higher transi-
tion rates values as described in the following. Dominant global transition rates 
between first energy level and other subbands in one period for paths are indi-
cated in Figure 6. 

Dominant transition rates values at temperatures of 80 ˚K, 120 ˚K and 240 ˚K 
for instances for paths 1 and 2 are listed in Table 3 and Table 4, respectively. 

As observed in Table 3 and Table 4 since global transition rates of path 1 are 
higher than the values for path 2 so, the resistance at null bias of path 1 is lower. 
Higher global transition rates between two levels can be related to higher over-
lapping of corresponding wave functions [3]. For path 1 this overlapping is high  
 

 
Figure 5. R0A versus 1000/T (T is structure temperature). 
 
Table 3. Dominant transition rates of path1 at three different temperatures. 

Global transition rates (m−2·s−1) T = 80 ˚K T = 120 ˚K T = 240 ˚K 

G112 3.4559 × 1023 2.3963 × 1025 1.4414 × 1027 

G111 1.3865 × 1020 9.6905 × 1021 5.9355 × 1023 

G110 2.1841 × 1016 1.5361 × 1018 9.5414 × 1019 

 
Table 4. Dominant transition rates of path 2 at three different temperatures. 

Global transition rates (m−2·s−1) T = 80 ˚K T = 120 ˚K T = 240 ˚K 

G110 5.9122 × 1022 4.2822 × 1024 2.4974 × 1026 

G19 5.0429 × 1018 3.5895 × 1020 2.0865 × 1022 

G18 1.0339 × 1014 7.3362 × 1015 4.2545 × 1017 
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(a) 

 
(b) 

Figure 6. Dominant global transition rates for paths (a) 1 and (b) 2. 
 
(due to having smaller width of the wells) which leads to smaller resistance val-
ues. Electron transition capability between two levels is increased by increasing 
temperature, therefore as shown in Table 3 and Table 4, by increasing sample 
temperature the global rates is increased. 

Detectivity for the designed detector is limited by Johnson-noise obtained as 
Equation 6 [3]: 

( )* 0

4 B

R A
D R

k T
λ=                         (6) 

where, R(λ), R0A are the responsivity spectrum and resistance of device in area 
of the device, respectively. Detectivity versus incident wavelength for paths at 80 
˚K is shown in Figure 7. 

Paths have difference detectiveity values due to having different responsivity 
and resistivity (at zero bias) values shown in Figure 4 and Figure 5, respectively. 
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Figure 7. Detectivity spectrum for paths at 80 ˚K. 

3. Conclusion 

In this research, a QCD for detecting of 1.33 μm and 1.55 μm wavelengths in in-
dividual current paths based on intersubband transitions in AlGaN/AlN MQWs 
was designed. In order to calculate photodetector parameters, 1-D Schrodinger– 
Poisson equation self consistently at 80˚K was solved to obtain wave functions 
and energy levels. Responsivity values about 22 mA/W and 18.75 mA/W for de-
tecting of 1.33 μm and 1.55 μm wavelengths, respectively. Detectivity values are 
calculated as 1.17 × 107 (Jones) and 2.41 × 107 (Jones) at wavelengths of 1.33 μm 
and 1.55 μm, respectively.  
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