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Abstract 

In this paper, pyramidal shaped GaN-based quantum dots (QDs) with different sizes in each layer, surrounded by 

𝐴𝑙0.2𝐺𝑎0.8𝑁 is proposed for infrared photodetector mainly to enhance the detector performance. In this model, we are 

considering the QDs sizes’ distribution to calculate all parameters instead of using Poisson distribution to express the 

inhomogeneous broadening just in the absorption coefficient. To model the performance of the devices, the Schrödinger 

equation has been solved using the effective mass approximation; then, the absorption coefficient, the gain, the 

responsivity, the electron mobility, the dark current, and the detectivity as a function of temperature for different biases 

are obtained. Significant improvements in the optical behavior are seen in the modeled results at T = 220 K.  
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1. Introduction 

Nitride based semiconductors are commonly important 

material for optical sources and detectors in the near-

infrared, visible, and ultraviolet regions. Research efforts 

at nitride materials are mostly concentrated on 

understanding and controlling their optical properties. 

These properties are strongly affected by the existence of 

internal electric fields in the range of MV⁄cm [1-5]. These 

semiconductors with a wurtzite crystal structure are 

direct energy bandgap semiconductors and have many 

unparalleled features including wide bandgaps, high 

absorption, high-saturation velocity, and radiation 

coefficients, and stronger excitonic effects [6-10]. The 

QDs based on these materials can be used to produce and 

detect electromagnetic waves from infrared to ultraviolet 

frequency, by varying the dot size and composition. To 

improve the performance of these photodetectors, 

various structures with different materials have been 

investigated until now[11, 12]. The use of nitride 

quantum dots in the active area of optical components 

leads to higher temperature operations. The use of these 

materials of QDs makes the optical response almost 

insensitive to the displacement density. As an example of 

these nanostructures, the single-photon emission in a 

GaN-based quantum dot structure at a temperature of 200 

K can be controlled by a cooling system, while it is 

possible in a material such as InAs at much lower 

temperatures [13, 14]. Nitride-based quantum dots can be 

generated by a variety of growth techniques such as 

molecular beam epitaxy (MBE) and metal-organic 

chemical vapor deposition (MOCVD) and other less 

developed methods, such as the solid-liquid-gas 

mechanism, and the likes. The self-assembled method 

using the Stranski–Krastanow growth is a good technique 

to fabricate QDs which results in the formation of 

pyramidal QDs [15]. The significant characteristics of 

these structures are reduced electron-phonon scattering, 

the ability to operate at high temperatures, and high 

current gain [16-18]. Recently, many studies have been 

done on Wurtzite III-nitride QDs for their potential use 

[19, 20]. However, the modeling and characterization of 

this kind of detectors are in the preliminary stage and 

need more attention. Here we proposed a pyramidal 

shape GaN QDs with different sizes in each layer, which 

is achieved experimentally by Stranski–Krastanow 

growth method. Given the quantum dot fluctuation in this 

growth method, we first calculated the Eigenfunctions, 

Eigenvalues, and other physical parameters for QDs in 

each layer. Then, the photodetector parameters such as 

absorption coefficient for different combinations of 

quantum dot sizes, gain and dark current as a function of 

temperature, responsivity as a function of wavelength 

and temperature, and temperature dependence detectivity 

in different bias were evaluated precisely. 
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2. Models 

A schematic view of our modeled Quantum dot 

infrared photodetector (QDIP) structure (see Fig. 1), 

where GaN QDs are sandwiched between AlGaN 

barriers. As a case study, the total number of the quantum 

dot layers is 10, and QD density 𝑁𝑑 = 1024 𝑚−3 is used 

as the active region of the device. 

 

 
Fig. 1. A schematic view of the QDIP structure 

 where the pyramids represent quantum dots. 

 

The schematic representation of the theoretical 

configuration used in the calculations (see Fig. 2), in 

which a pyramidal shape GaN dots, which has been 

surrounded by 𝐴𝑙0.2𝐺𝑎0.8𝑁, has been considered as a unit 

cell.   

 

 
Fig. 2. A simple schematic diagram of pyramidal 

QD. 

 

Since in the detector to collect the stimulated and excited 

carriers from the quantum dots, the device is always 

biased, and on the other hand, considering the properties 

of nitride materials that have a significant internal field, 

the Hamiltonian of the QD can be followed by (1). 

𝐻 =
−ℏ2

2
𝛻

1

𝑚∗(𝑥. 𝑦. 𝑧)
𝛻 + 𝑉(𝑥. 𝑦. 𝑧) + 𝑒�⃗� ∙ 𝑟 

(1) 

where 𝑚∗  is the electron effective mass, and 

𝑉(𝑥. 𝑦. 𝑧) is given by (2): 

𝑉(𝑥. 𝑦. 𝑧) =  {
0     𝑖𝑛𝑠𝑖𝑑𝑒 𝑄𝐷

∆𝐸𝑐                 𝑒𝑙𝑠𝑒
 

(2) 

 

 

where ∆𝐸𝑐  is the conduction band  discontinuity[21] 

that can be followed by (3). 

∆𝐸𝐶 = 0.7 × (𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) − 𝐸𝑔(𝐺𝑎𝑁))   (3) 

‘x’ is an Al mole fraction in the barrier, and F⃗⃗ refers 

to both the external and built-in electric fields.  

The built-in electric field is given by (4) [22]. 

𝐹𝑑 =
𝑏(𝑃𝑡𝑜𝑡

𝑏𝑟 − 𝑃𝑡𝑜𝑡
𝑑 )

𝜀0(ℎ𝜀𝑏𝑟 + 𝑏 𝜀𝑑)
 

(4) 

where ‘b’ , and ‘h’ are the width of 𝐴𝑙0.2𝐺𝑎0.8𝑁 

barrier and height of  GaN dot, respectively (as shown in 

Fig. 2). 𝑃𝑡𝑜𝑡
𝑏𝑟 , and 𝑃𝑡𝑜𝑡

𝑑  are total polarization; and 𝜀𝑏𝑟 , 𝜀𝑑 

is the relative dielectric constant respectively for 

𝐴𝑙0.2𝐺𝑎0.8𝑁 barrier and GaN dot. 

To express the electronic structure of the quantum 

dots, the easiest method is the wave expansion method 

using the effective mass approximation. This method, 

which has a high degree of accuracy, has also been 

studied by many authors [14, 21, 23-25]. 

In the pyramid QD, one can use a large rectangular 

cube box to capture the pyramidal dot and then develops 

QD wave functions based on sinusoidal and cosine 

wavefunctions of the unit cell. If the dimension of the unit 

cell is considered to be [
−𝐿𝑥

2
.

𝐿𝑥

2
]  .  [

−𝐿𝑦

2
.

𝐿𝑦

2
] .  [0. 𝐿𝑧] the 

wavefunction[26] that can be followed by (5). 

𝛹(𝑥. 𝑦. 𝑧) = ∑ 𝑎𝑙𝑚𝑛𝜑𝑙𝑚𝑛(𝑥. 𝑦. 𝑧)

𝑙𝑚𝑛

 (5) 

where 𝜑𝑙𝑚𝑛(𝑥. 𝑦. 𝑧) expressed by “(see (6))”. 

𝐿𝑥 . 𝐿𝑦 . 𝑎𝑛𝑑 𝐿𝑧 are lengths of the unit cell along the x, 

y and z directions, respectively. 

The advantage of the normalized plane wave 

approach is the fact that there is no need to explicitly 

match the wave function, across the boundary of the 

barrier and quantum dot [26]. Therefore, using this 

method is suitable for an arbitrary confining potential. 

Using 17 normalized plane waves in each direction to 

achieve the convergence of the electron energy 

eigenvalues to less than 1 meV, a 4913 × 4913 matrix is 

formed. 

Using the obtained wavefunctions, we can calculate 

the transition matrix element, which is one of the most 

significant agents that controls the absorption coefficient 

and oscillator strength. It is given by (7). 

𝑓𝑒𝑔 =
2𝑚∗

ℏ2
(𝐸𝑒 − 𝐸𝑔)|𝑥𝑒𝑔|

2
 

(7) 

where 𝑥𝑒𝑔 is the in-plane x-transition matrix element 

from a ground state ‘g’ to an excited state ‘e’ with energy 

difference Δ𝐸 = (𝐸𝑒 − 𝐸𝑔) =  ℏ𝜔𝑒𝑔. 

The absorption coefficient 𝛼(𝜔) can be expressed by 

“(see (8))” [12]. 
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𝜑𝑙𝑚𝑛 = √
2

𝐿𝑥

𝑠𝑖𝑛 [𝑙𝜋 (
1

2
−

𝑥

𝐿𝑥

)] √
2

𝐿𝑦

𝑠𝑖𝑛 [𝑚𝜋 (
1

2
−

𝑦

𝐿𝑦

)] √
2

𝐿𝑧

𝑠𝑖𝑛 [𝑛𝜋 (
𝑧

𝐿𝑧

)] 

(6)  

𝛼 =
𝜋ℏ𝑁𝑑𝑛𝑜𝑝𝑒2

𝑚∗𝜀𝜀0𝑐
{

𝛤

(ℏ𝜔 − ℏ𝜔𝑒𝑔)
2

+ 𝛤2
} (𝑛𝑔 − 𝑛𝑒)𝑓𝑒𝑔 

(8)  

where 𝑁𝑑 is the number of dots per unit volume, 𝑛𝑜𝑝 its 

refractive index, c is the velocity of light, 𝜀0 𝑎𝑛𝑑 𝜀  is the 

permeability of free space and the medium, respectively. 

The lifetime broadening is Γ, 𝑛𝑔 . 𝑎𝑛𝑑 𝑛𝑒 are occupation 

probabilities of the ground and excited states, respectively. 

As mentioned before, we investigate a more realistic 

structure assuming pyramidal shape GaN QDs with 

different sizes in each layer, which achievable 

experimentally by Stranski–Krastanow growth method. 

Therefore, we assumed different QDs, and the size of the 

QDs is shown in Table I. Using the QDs given in Table I, 

we have assumed three different series with a combination 

of different percentages of QDs in a layer to make the 

active region. The series is given in Table II. 

 

Table I. The different size of QD. 

QD Types Quantum dot size  
(𝑛𝑚 × 𝑛𝑚 × 𝑛𝑚) 

  

Dot 1 6 × 6 × 3 

Dot 2 7 × 7 × 3 

Dot 3 8 × 8 × 3 
Dot 4 8 × 8 × 4 

Dot 5 9 × 9 × 4 

Dot 6 10 × 10 × 4 
Dot 7 10 × 10 × 5 

 

Table II. The different combinations of QDs are used 

for simulations. 

QD 

series 

Sorting Dots(%) 

Dot 

1 

Dot

2 

Dot

3 

Dot

4 

Dot

5 

Dot

6 

Dot

7 

        

Series 

A 

4 9 17 40 17 9 4 

Series 

B 

2 4 14 60 14 4 2 

Series 

C 

1 2 7 80 7 2 1 

 

Besides, to determine the built-in electric fields in this 

structure and to include it in solving the Hamiltonian 

equation, the parameters are given by “(see Table III)”. 

Fig. 3 is showing the absorption coefficient for series 

A, B, and C. The black- lines show the absorption 

coefficient for each QDs in the layer and the red-lines 

show the absorption coefficients for the series. As can be 

seen from Fig. 3, by increasing the uniformity of QDs in 

the layers (increasing the ratio of the QDs-4 and 

decreasing other QDs percentages), the peak of the 

absorption coefficient increases but its width decreases. 

The comparison of the absorption coefficient’s main 

peak for each series is given in Table IV. 

 

 

 
                                      (a) 

 
                                       (b) 

 
                                        (c) 

Fig. 3. Absorption coefficient of 

  𝐴𝑙0.2𝐺𝑎0.8𝑁/𝐺𝑎𝑁. (a) Series A, (b) Series B, (c) 

Series C. 
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Table III. Lattice constant, dielectric and elastic constants, spontaneous and piezoelectric 

polarization for GaN, AlN, and 𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁 used to calculate the built-in electric fields [27]. 

Wurtzite, selected physical constants GaN AlN AlxGa1−xN 

    

a(𝐴) 3.189 3.112 −0.077𝑥 + 3.189 

𝑒31(𝐶 𝑚2⁄ ) −0.49 −0.60 −0.11𝑥 − 0.49 

𝑒33(𝐶 𝑚2⁄ ) 0.73 1.46 0.73𝑥 + 0.73 

𝑐13(𝐺𝑃𝑎) 103 108 5𝑥 + 103 

𝑐33(𝐺𝑃𝑎) 405 373 −32𝑥 + 405 

𝜀 10.4 10.1 0.3𝑥 + 10.4 

𝑃𝑆𝑃(𝐶 𝑚2⁄ ) −0.029 −0.081 −0.052𝑥 − 0.029 

𝑃𝑝𝑖𝑒𝑧𝑜(𝐶 𝑚2⁄ ) −0.0066 - - 

Table. IV. The comparison of the main peak for the 

QD series. 

QD series The main peak of absorb (× 106  1/cm) 

  

Series A 11.4 
Series B 17.1 

Series C 22.8 

 

3. Result and discussion 

3.1. Photoconductive gain 

The photoconductive gain in QDIPs is expressed in 

terms of the capture probability 𝑝𝑐  by (9) [15]. 

𝑔𝑝 =
1 − 𝑝𝑐

𝐾𝑝𝑐𝐹
   

(9) 

where  𝑝𝑐 ≪ 1, K is the number of quantum dot layers 

and F is the fill factor for a single layer. 𝑝𝑐 can also be 

defined as 𝑝𝑐 =
𝜏𝑡𝑟𝑎𝑛𝑠

𝜏𝑙𝑖𝑓𝑒
, where 𝜏𝑡𝑟𝑎𝑛𝑠 is the transit time and 

can be calculated by (10).  

𝜏𝑡𝑟𝑎𝑛𝑠 =
ℎ

𝜇𝐹
√1 + (

𝜇𝐹

𝑣𝑠

)
2

 

(10) 

and 𝜏𝑙𝑖𝑓𝑒  is the recombination time (lifetime) and 

expresses by (11) [25]. 

𝜏𝑙𝑖𝑓𝑒 =
(𝐾 + 1)𝐿

𝜋𝑎𝑄𝐷
2 ℎ ∑ 𝑉𝑡𝑄𝐷

 
(11) 

Then 

𝑝𝑐 =

𝜋𝑎𝑄𝐷
2 ℎ2 ∑ 𝑉𝑡√1 + (

𝜇𝐹
𝑣𝑠

)
2

𝑄𝐷

(𝐾 + 1)𝐿𝜇𝐹
 

(12) 

where 𝑎𝑄𝐷 the lateral size of quantum dots, 𝑉𝑡  the capture 

rate of electrons, ∑ is𝑄𝐷  the quantum dot density in each 

quantum dot layer, 𝑣𝑠 is saturation velocity of the electron, 

L is the distance between quantum dot layers, F is the bias 

voltage that allows to minimize the capture probability 

and improve the photoconductive gain of QDIP, and 𝜇 is 

the mobility of electron for      𝐴𝑙0.2𝐺𝑎0.8𝑁/𝐺𝑎𝑁 structure. 

To calculate mobility, we have used different 

scattering mechanisms as reported by Asgari et.al. [28].  

The calculated electron mobility as a function of 

temperature for 𝐴𝑙0.2𝐺𝑎0.8𝑁/𝐺𝑎𝑁 structure ( see Fig. 4). 

 

 
Fig. 4.  The mobility of electron for        

𝐴𝑙0.2𝐺𝑎0.8𝑁/𝐺𝑎𝑁 as a function of temperatures. 

 

 
(a) 
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(b) 

Fig. 5.  (a) The capture probability,  

(b) The gain of 𝐴𝑙0.2𝐺𝑎0.8𝑁/𝐺𝑎𝑁 QDs. 

 

The infrared photodetector performance is determined 

approximately by the capture probability of the QDs and 

the photo-generation rate of carriers out of the QDs. The 

capture probability determines the responsivity through 

the photoconductive gain. The gain and electron capture 

probability can thus be calculated using (9) and (12). 

Fig .5 shows the capture probability and photoconductive 

gain as a function of temperature for the proposed QDIP. 

As shown in Fig. 5a, the capture probability ( 𝑝𝑐 ) 

increases with increasing temperature. Although the 

whole number of states remains constant due to the 

thermal emission, the number of unoccupied electron 

states in the QDs increases with temperature, and hence 

the 𝑝𝑐 increases with an amount proportional to 𝑒
𝐸𝑖

𝑘𝐵𝑇. 

Since capture probability and as a result, the gain is 

expressed in terms of material and structural parameters 

in (12) and (9), it is possible to optimize the photodetector 

for higher gain. Hence, the material with high mobility, a 

large number of QDs layers with optimized total thickness, 

the thickness of the barrier is some of the parameters that 

improve photodetectors’ performance. 

 

3.2. Responsivity 

Responsivity is one of the most important parameters of 

QDIP and is defined as the ratio of its output electrical 

signal to the input optical signal. It is given by (13). 

𝑅 =  
𝑒

ℏ𝜔
 𝑔𝑝𝜂 

(13) 

Where 𝜂 is the quantum efficiency that can be calculated 

by (14). 

𝜂(ℏ𝜔) = 1 − 𝑒𝑥𝑝(−𝛼(ℏ𝜔) ∙ 𝑙𝑒𝑓𝑓) (14) 

where 𝛼(ℏ𝜔) is the absorption coefficient and 𝑙𝑒𝑓𝑓  is the 

effective length of the absorption region. 

By knowing the absorption coefficient and gain, the 

responsivity can be introduced for each series of QDs in 

terms of wavelength and temperature as shown in Fig. 6. 

As shown in Fig. 6, concerning (9), with increasing 

temperature, the gain decreases, and as a result, the 

responsivity decreases. A further increase in temperature 

will result in a decrease in the absorption coefficient and, 

consequently, will reduce quantum efficiency, which 

results in reduced responsivity. In other words, with the 

temperature rise continuing, the number of electrons in 

the QDs will increase due to the dark current, which will 

result in a reduction in the number of stimulated emptying 

levels, thus reducing the optical response of the detector. 

3.3. Dark current 

In QD photodetectors, in the absence of light, there is 

a current in the device, which is the dark current. This 

unwanted current is due to factors such as thermionic 

emission, field-induced emission, and ground-state 

sequential tunneling. The dark current density can be 

given by (15) [29]. 

𝐽𝑑𝑎𝑟𝑘 = 𝑒𝑣𝐷𝑛3𝐷 (15) 

Where 𝑣𝐷 is the drift velocity and 𝑛3𝐷 is the electron 

density, which can be given by (16) [29].  

It is known that the temperature dependence of the 

dark current under a certain electric field behaves 

exponentially. In Fig. 7, the influence of temperature on 

the dark current for the fixed electric field, Bias = 0.6 𝑉, 

is displayed. It is known that the shape of the curve is 

increasing with temperature increases, which can be due 

to electrons escaping from the quantum dot by the 

thermionic emission. It should be mentioned that GaN 

self-assembled QDIP has a very low dark current in 

comparison to the structure introduced in Ref [30]. 

 

𝑛3𝐷 = 2 (
𝑚𝑏𝑘𝐵𝑇

2𝜋ℏ2
)

3
2⁄

𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝑇
) 

(16) 

Where 𝑘𝐵  is the Boltzmann constant, 𝑚𝑏  is the 

electron effective mass in the barrier, and 𝐸𝑎  is the 

activation energy which is equal to the sum of the energy 

difference between the Fermi level and the top of 

conduction band edge and the ionization energy of the 

quantum dots. 

 

 

 
(a) 
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(b) 

 
(c) 

Fig. 6.  The responsivity of  𝐴𝑙0.2𝐺𝑎0.8𝑁/𝐺𝑎𝑁 QDIP.  

(a) series A, (b) series B, (c) series C.    

 

 
Fig. 7.  Dark current as a function of temperature 

 at Bias = 0.6 𝑉. 

 

 

3.4. Detectivity 

Detectivity is one of the most important factors of a 

detector. This quantity determines how small the 

incoming light can be detected, and is a quantity for 

signal-to-noise measurements. The normalized detectivity 

of QDIP is defined by (17) [25]. 

𝐷∗ =
𝜂

2ℎ𝜐
√

𝑒𝑔𝑛

𝐽𝑑𝑎𝑟𝑘

 

(17) 

where 𝑔𝑛  is the noise gain and equals the 

photoconductive gain 𝑔𝑛 = 𝑔𝑝. 

Fig. 8, shows the dependence of the detectivity on 

temperature plotted for various biases. Moreover, it shows 

the detectivity decreases with the increase of the 

temperature at certain bias, for example, at the          

𝑏𝑖𝑎𝑠 = 0.8 𝑉, when the temperature increases from 77°𝐾 

to 220°𝐾 , corresponding detectivity rapidly decrease 

from5.13 × 108  to 1.31 × 108 𝑐𝑚√𝐻𝑧/𝑊, respectively. 

  The reasons for the decrease in detectivity are as 

follows: as the temperature rises, the thermal emission 

increases, so that more electrons can easily leave the 

quantum dot to form the dark current and the noise, which 

eventually leads to the decrease in detectivity. Finally, 

since the internal electric field in nitride materials is 

strong, so electric field changes do not have much effect 

on the detectivity. 

 

 
Fig. 8.  Detectivity (at 𝜆 = 21.5 𝜇𝑚) as a function 

 of temperature for various bias for series C. 

 

 

4. Conclusion 

We modeled the inferred photodetectors based on 

GaN QDs with different QDs sizes in a layer, as self-

assembled QDs. In the calculation, using three different 

series of QDs, with solving Schrodinger equation and 

taking into the effects of temperatures and bias, the 

properties such as electron mobility, noise, dark current, 

responsivity, and detectivity are obtained. The proposed 

structure benefited from high detectivity and improved 

optical characteristics such as absorption coefficient and 

dark current. The results show that more uniform QDs in 

the layer results in higher absorption than higher 

responsivity. Besides, the obtained amount for dark 

current and the detectivity at T = 220 K, promise the use 

of these detectors without the need for a cooling system. 
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