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Abstract 

In this work, a recent heuristic method called Dragonfly Algorithm (DA) has been 

employed for the first time to investigate the temperature effect on the Schottky diode 

electrical parameters. Beryllium-doped Al0.29Ga0.71As Schottky diodes grown by molecular 

beam epitaxy (MBE) have been used to validate the suggested method. The proposed 

approach is based on the analysis of current-voltage-temperature (I-V-T) and  

capacitance-voltage (C-V) characteristics. Furthermore, the interface state density (𝑁𝑠𝑠)  

as function of the difference between the surface state energy and valence band energy 

(𝐸𝑠𝑠 − 𝐸𝑉) was determined. The obtained results demonstrate the high efficiency of this 

strategy to accurately determine the electrical parameters and investigate their temperature 

dependency. This efficiency can be clearly remarked from the well fit between both predicted 

and measured current characteristics.  

Keywords: AlGaAs/GaAs heterostructure; Dragonfly Algorithm; interface states; parameters 

identification; Schottky diode; temperature effect.  

1. Introduction 

Among III-V materials, AlGaAs/GaAs heterostructures have gained much importance. 

This is due to the variety of their applications in multitude fields and operation under several 

conditions (temperature, frequency, voltage) [1, 2]. That is why the elaboration mastery of 

such structures has a crucial role in the realization of essential smart electronic devices for the 

consumer electronics and optoelectronics market [3-5]. Metal-semiconductor (MS) structures 

are one of the most widely used rectifying contacts in electronics industry. Owing to the 
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performance and stability of those structures [6], these devices have been extensively 

investigated. However, up to now, a satisfactory understanding of all aspects has still not been 

reached. Ideality factor (𝑛), barrier height (Ф𝑏), series resistance (𝑅𝑠) and saturation current 

( 𝐼𝑠) are the main electronic parameters of Schottky barrier diodes (SBD) [7, 8]. Moreover, the 

SBD performance and reliability are significantly influenced by the presence of interface 

states (Nss) between deposited metal and semiconductor surface [9, 10]. 

Several studies have been carried out to investigate the conduction phenomena and 

transport mechanisms in AlGaAs-based devices [1, 11]. Electrical characterization was 

considered as an indispensable phase, for instance current-voltage (I-V) and capacitance-

voltage (C-V) characteristics were used to extract the main SBD parameters. However, I-V 

measurements of Schottky diodes at room temperature do not give sufficient information 

about the conduction mechanism and barrier formation nature at MS interface [12]. Thereby, 

many researchers have been interested in the investigation of temperature effects on I-V and 

C-V characteristics by determining the SBD parameters. In fact, several methods have been 

developed and are mainly classified into two categories, as analytical and optimization 

algorithms-based methods. [13-16]. Analytical approaches employ basic equations that deal 

with the Schottky diode conduction mechanism to identify their principle electronic 

parameters. Among the well-known analytical methods, the standard method is the most 

commonly used one to obtain both ideality factor and barrier height from I-V characteristics. 

In the presence of high series resistance which causes a narrowing in the linear region of I-V 

behavior, this approach loses its reliability [17]. To overcome this obstacle, Nord has 

suggested a new method that takes in consideration the influence of series resistance. 

However, its chief drawback is the unsuitability for the non-ideal Schottky contact, contrary to 

the abrupt contact metal/semiconductor assumption [18]. Bohlin method was then proposed to 

calculate Schottky diode parameters even with a non-ideal M/S contact [19]. In addition, 

another methodology to determine the SBD parameters from forward bias has been adopted by 

Cheung [13]. Additionally to what was previously mentioned, analytical methods require a 

critical choice of initial values for the unknown parameters and they depend on derivative and 

integrative functions. Also, each parameter is individually calculated based on I-V or C-V 

behaviors in a restricted region by neglecting the other parameters effect [20]. 

 

On the other hand, to overcome the previously cited shortcomings and since the SBD 

parameters identification is a multidimensional problem, optimization algorithms-based 

methods have been proposed [21]. These methods use optimization algorithms to identify the 

desired parameters based on an iterative mechanism, minimizing the gap between the 

measured and fitting curves. In literature, several authors have been interested in applying this 

category of methods. By utilizing Lambert W function, the thermionic emission equation was 

solved but it can converge to local optimum instead of global one [20, 21]. Also, heuristic-

based optimization algorithms have been introduced to deal with the identification concern 

such as artificial bee colony (ABC) [22]. particle swarm optimization (PSO) [23], differential 

evolution (DE) [24] and Antlion optimizer (ALO) [25]. Each of these algorithms mimics 

specific behavior to solve an optimization problem. Those methods show a high efficiency and 

accuracy in optimizing a multi-model cost functions with ability to handle nonlinear functions 

with no need to derivative equations. Furthermore, the prior knowledge of the starting 



conditions is not crucial in contrast with analytical methods [21]. SBD parameters extraction 

has been carried out using heuristic-based approaches by several researchers. A comparative 

study of several algorithms was done to identify a multi-quantum wells (MQW) AlGaAs 

Schottky diode from I-V-T characteristics [16]. The efficiency of the obtained results was 

evaluated by calculating several statistical test metrics. Another study for the estimation of 

SBD parameters using equilibrium optimizer (EO) has been elaborated [20]. A significant 

reliability and effectiveness was remarked from the obtained results. An efficient recent 

algorithm, called Dragonfly Algorithm (DA) [26] was employed to solve real world 

optimization problems [27]. DA proves a high efficiency and precision with a few tuning 

(control) parameters [21].  

  

 In this work, a new strategy based on DA was proposed to determine p-type 

AlGaAs/GaAs Schottky diode electrical parameters. 𝑛,Ф𝑏, 𝑅𝑠  and 𝐼𝑠 were extracted from  

I-V-T characteristics while effective density (𝑁𝑒𝑓𝑓) and built-in voltage (𝑉𝑏𝑖) were obtained 

from C-V measurements. Furthermore, the determination of interface state density as function 

of (𝐸𝑆𝑆 − 𝐸𝑉) was achieved. The significance of the obtained results was evaluated using 

statistical tests to prove the efficiency of the proposed strategy. The obtained results show a 

strong dependency of the previous mentioned parameters with temperature. 

 

2. Experimental and characterization details 

The Ti/Au/AlGaAs/GaAs/Au/Ni/Au Schottky diodes were fabricated using a semi-

insulating GaAs substrate, with (100) crystal orientation. The AlGaAs/GaAs epitaxial layers 

were grown at a substrate temperature of 680 °C using a Varian Gen-II Molecular Beam 

Epitaxial (MBE) system. The layers consisted of an undoped GaAs buffer layer of 0.45µm 

thickness followed by the growth of 1µm Be-doped Al0.29Ga0.71As layer (p-type doping = 10
16

 

cm
-3

). Then, metallization phase was carried out using EDWARDS E306 thermal evaporation 

system, in which the Schottky contacts were formed by the evaporation of Titanium (Ti) and 

Gold (Au) layers about 20 and 200 nm thicknesses, respectively.  Finally, top layer has been 

etched to 600 nm in order to deposit ohmic contact Au/Ni/Au that was annealed at 360 °C [1]. 

The elaborated Schottky diodes were mounted on sample holder, which was located in helium 

closed cycle cryostat (Model Janis CCS-450) operating in the 10-450K temperature range. The 

I-V and C-V measurements were carried out using Keithley 428 and Boonton 7200, 

respectively.  

3. Parameters determination strategy 

 

3.1.   Schottky diode model  

For I-V measurements in an ideal Schottky diode, the current transport mechanism is due to 

thermionic emission (TE) and is given by [28]: 

𝐼 = 𝐼𝑠 (𝑒𝑥𝑝 (
𝑞(𝑉 − 𝐼𝑅𝑠)

𝑛𝑘𝑇
) − 1) (1) 

 



where 𝐼𝑠 is the saturation current, and given by: 

𝐼𝑠 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (
−𝑞Ф𝑏

𝑘𝑇
)                   (2) 

 

where 𝑛 is the ideality factor, 𝑉 is the applied bias voltage, q is the electron charge, k is the 

Boltzmann constant, 𝑅𝑠 is the series resistance, T is the absolute temperature, Ф𝑏 is the 

Schottky barrier height at zero bias, A* is the effective Richardson constant, and A is the area 

of the Schottky contact.  

On the other hand, C-V characteristics of Schottky diode are expressed by [7]:  

𝐶

𝐴
= √

±𝑞𝜀𝑁𝑒𝑓𝑓

2(±𝑉𝑏𝑖 ± 𝑉 − 𝑘𝑇/𝑞)
  (3) 

1

(𝐶/𝐴)2
=  

2 (𝑉𝑏𝑖 − 𝑉 −
𝑘𝑇
𝑞 )

𝑞𝜀𝑁𝑒𝑓𝑓
  (4) 

 

where 𝜀 is the material permittivity, 𝑁𝑒𝑓𝑓 is the effective charge density in the depletion region 

and 𝑉𝑏𝑖 is the built-in voltage. 

For p-type Schottky diode, which is the case of our elaborated samples, the “+” sign is applied 

in Eq. 3, and  𝑁𝑒𝑓𝑓  ≈ 𝑁𝐴 . This is due to the fact that 𝑁𝐷 ≪  𝑁𝐴 [7]. 

3.2.    Problem formulation  

The main objective of this strategy is to extract Be-doped AlGaAs Schottky diode 

parameters, which lead to a minimum difference between both experimental and estimated 

characteristics. Mathematically, the identification process can be introduced as an 

optimization issue. The cost function to be minimized is defined as the Root Mean Square 

Error (RMSE) between measured and estimated characteristics. From I-V measurements, the 

value of 𝑅𝑀𝑆𝐸(𝐼−𝑉) was computed using: 

𝑅𝑀𝑆𝐸(𝐼−𝑉) = √
1

𝐿
 ∑[𝑓𝑖(𝐼𝑚𝑒𝑠, 𝑉𝑚𝑒𝑠, 𝜂)]2

𝐿

𝑖=1

 

 

(5) 

 

where  

𝑓(𝐼𝑚𝑒𝑠, 𝑉𝑚𝑒𝑠, 𝜂) = 𝐼𝑚𝑒𝑠 − (𝐼𝑠 {𝑒𝑥𝑝 [
𝑞(𝑉𝑚𝑒𝑠 − 𝐼𝑚𝑒𝑠𝑅𝑆)

𝑛𝑘𝑇
] − 1}) 

  (6) 

 

 



On the other hand, 𝑅𝑀𝑆𝐸(𝐶−𝑉) is given by:  

   𝑅𝑀𝑆𝐸(𝐶−𝑉) = √
1

𝑆
 ∑[𝑔𝑖(𝐶𝑚𝑒𝑠, 𝑉𝑚𝑒𝑠, 𝜌)]2

𝑆

𝑖=1

 

                            

                             (7) 

where 

   𝑔(𝐶𝑚𝑒𝑠, 𝑉𝑚𝑒𝑠, 𝜌) = 𝐶𝑚𝑒𝑠 − (𝐴√
𝑞𝜀𝑁𝐴

2(𝑉𝑏𝑖 − 𝑉𝑚𝑒𝑠 − 𝐾𝑇/𝑞)
) 

                            

                  (8) 

 

𝐼𝑚𝑒𝑠 and 𝐶𝑚𝑒𝑠 are measured current and capacitance, respectively.  𝜌 and 𝜂 are the vectors of 

parameters to be identified (𝜂 = [𝑛, Ф𝑏 , 𝐼𝑠, 𝑅𝑠] and  𝜌 = [𝑁𝑒𝑓𝑓, 𝑉𝑏𝑖]). L and S denote 

respectively the size of I-V and C-V curves (number of data points in I-V and C-V 

measurements). 

The main goal of the strategy is to obtain the optimal values of the estimated parameters in 

such a manner that the RMSE will be the smallest as possible.  

4. Dragonfly Algorithm  

Dragonfly Algorithm (DA) is a recent population-based optimization algorithm developed 

by Mirjalili in 2016 [26]. The DA has demonstrated outstanding performance in a variety of 

continuous, discrete, single-objective, and multi-objective optimization problems. As real 

problem applications, DA has been employed by several researchers. In fact, a considerable 

variety of optimization problems in image processing, medical, robotic, physical science and 

engineering have been solved using DA [21].  

It is mainly inspired from the hunting and migration strategies of dragonflies in nature. In 

this algorithm, hunting behavior of dragonflies is called static (feeding) swarm, while 

migration behavior is known as dynamic (migratory) swarm.  Those behaviors are very close 

to the two essential stages of optimization when using other heuristic algorithms, such as 

exploration and exploitation. In static swarm, dragonflies form small clusters and fly in 

different areas to find food sources. In dynamic swarm, a huge number of dragonflies 

constitute one group and move along one direction. In DA, each dragonfly denotes a solution 

within the search space.  

In order to guide the dragonflies to reach their paths,  six weights are employed such as 

separation weight (s), alignment weight (a), cohesion weight (c), food factor (f), enemy factor 

(e), and the inertia weight (w). To ensure a best exploration of the search space, high 

alignment and low cohesion weights should be selected.  However, to gain in exploitation, 

high cohesion and low alignment weights should be chosen. The balance between both 

exploration and exploitation can be established using an adaptive tuning of those weights. 



In DA, five categories of behaviors are associated to the artificial dragonflies as depicted 

in Fig. 1, in the following manner: 

- Separation: it is defined as the manner that dragonflies employ to ensure the separation 

from other agents. This behavior is mathematically modeled using Eq. (9). 

 

𝑆𝑖 = − ∑(𝑋 − 𝑋𝑗)

𝑁

𝑗=1

 (9) 

where 𝑋 is the current individual position, 𝑋𝑖 is the position of the 𝑗𝑡ℎ neighboring dragonfly, 

𝑁 represents the size of neighborhood.   

- Alignment: it lies in determining how an agent can establish its velocity (speed) 

regarding the other adjacent dragonflies' velocity vectors.  Alignment process is 

modeled using Eq. (10). 

𝐴𝑖 =
∑ 𝑉𝑗

𝑁
𝑗=1

𝑁
 (10) 

where 𝑉𝑗 is the 𝑗𝑡ℎ neighbor velocity vector.  

- Cohesion: it denotes the agents’ tendency towards the herd center. Cohesion concept is 

given by Eq. (11).  

 

𝐶𝑖 =
∑ 𝑋𝑗

𝑁
𝑗=1

𝑁
− 𝑋 (11) 

- Attraction:  it denotes the attraction of agents to move towards food sources. The 𝑖𝑡ℎ 

agent's tendency attraction to the food source is accomplished using Eq. (12): 

 

𝐹𝑖 = 𝑋+ − 𝑋 (12) 

where 𝑋+is the food source position. 

- Distraction: it is defined as dragonfly proclivity to stay far away from predators. 

Distraction of the 𝑖𝑡ℎ dragonfly and predator is given by Eq. (13). 

 

𝐸𝑖 = 𝑋− + 𝑋 (13) 

where 𝑋− is the predator position. 

In this algorithm, the position vectors and food source fitness are updated using the 

best agent found so far, while those of enemies are updated according to the worst dragonfly. 

This consideration will allow DA to converge towards the most promising region of the search 

space and avoid non-promising areas. 

In order to update dragonflies’ positions, two vectors are used, such as step vector (∆𝑋) and 

position vector (𝑋). The step vector defines the motion direction of dragonflies, and it is given 

according to Eq. (14). 



∆𝑋𝑡+1
= (𝑠𝑆𝑖 + 𝑎𝐴𝑖 + 𝑐𝐶𝑖 + 𝑓𝐹𝑖 + 𝑒𝐸𝑖) + 𝑤𝑋𝑡 (14) 

where:  𝑠, 𝑎, 𝑐, 𝑓 and 𝑒 denote the aforementioned weighting vectors.    

Once the step vector computation is completed, the position vector will be computed based on 

Eq. (15). 

𝑋𝑡+1 = 𝑋𝑡 + ∆𝑋𝑡+1
 (15) 

where 𝑡 denotes the iteration. 

 

Fig. 1. Primitive corrective patterns between dragonflies. 

The following is an explanation of DA's mathematical implementation. Consider an  

N-sized dragonfly population. The ith dragonfly's location is provided by: 

𝑋𝑖 = (𝑥𝑖
1, 𝑥𝑖

2, … 𝑥𝑖
𝑑 , … , 𝑥𝑖

𝑁) (16) 

where N denotes the number of dragonflies agents in the swarm, i= 1, 2, 3 …, N. 𝑥𝑖
𝑑 is the ith 

dragonfly position in the dth search space dimension.  

The fitness function is assessed on the basis the starting position values that are 

randomly produced according to the variable's lower and upper limits. After that, the six 

weights previously mentioned (s, a, c, f, e and w) are randomly initialized. The position and 

velocity vectors are updated after the calculation of separation, alignment and cohesion 

coefficients using Eqs. (9-11). Next, both attraction to the food sources and 𝐹𝑖 and distraction 

from enemies 𝐸𝑖 are computed using Eqs. (12-13). The neighborhood distance is computed 

using the Euclidean distance between the whole dragonflies and picking N of them. The 

Euclidean distance is given by: 

Separation

Alignment

Cohesion

Attraction Distraction



𝑟𝑖𝑗 = √∑(𝑥𝑖,𝑘 − 𝑥𝑗,𝑘)
2

𝑑

𝑘=1

 (17) 

If there is at least one dragonfly in the vicinity, the dragonfly's velocity will be updated 

according to Eq. (14) and the dragonfly's location will be updated according to Eq. (15). If 

there is no dragonfly within the neighborhood radius, the dragonfly's position will be updated 

using the Levy Flight equation which is given by Eq. (18). 

𝑋𝑡+1 = 𝑋𝑡 + 𝐿𝑒𝑣𝑦(𝑑)𝑋𝑡       (18) 

where more details about Levy Flight equation are cited in [29]. This fact will enhance both 

randomness and global search capacity of dragonflies. The cost (fitness) function is then 

assessed using the new position and velocity vectors. The procedure of the position update is 

iteratively repeated until the stop condition is satisfied. The stop criterion in this case is 

reaching the maximum number of cycles (MNC). Fig. 2 shows the DA algorithm flowchart. 

 

Fig. 2. Dragonfly Algorithm flowchart. 



Dragonfly algorithm has several setting parameters, such as problem dimension (Dim), 

maximum number of iterations (MNC) and number of search agents. In this work those 

parameter are summarized in Table 1. 

Table 1  

DA algorithm setting parameters. 

Setting parameters  I-V  C-V  

Dim 3 2 

MNC 500 500 

Number of search agents 100 100 

 

5. Results and discussion  

Once the characterization stage was accomplished, the obtained data was treated using the 

proposed strategy. Fig. 3 shows the reverse and forward bias semi-log I-V characteristics of 

the elaborated Schottky diode at the temperature range 260-400 K. It can be seen a normal 

behavior of MS Schottky diodes, where it exhibits a rectifying comportment. The current 

increases exponentially with increasing both voltage and temperature, which is in good 

accordance with thermionic emission theory. The inset depicts the layer structure and the 

metal contacts of the elaborated devices, where the MS Schottky contact under study was 

made by Ti/Au. 

 

Fig. 3. Semi-log plot of I-V characteristics of p-type Ti-Au/AlGaAs/GaAs Schottky diode at 

different temperatures. Inset shows the schematic of the device structure. 

-2.0 -1.5 -1.0 -0.5 0.0 0.5

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

GaAs substrate

Undoped GaAs                        0.45 µm

Al0.29Ga0.71As                               1 µm

Different Schottky contact areas

Ti/Au

Au/Ni/Au 

ohmic contact

 

 

C
u

rr
e

n
t 

(A
)

Voltage (V)

 T=260 K

 T=300 K

 T=340 K

 T=360 K

 T=400 K



 

Fig. 4 shows the 1/C
2 

-V plot for high frequency value (1 MHz) at room temperature. 

At high frequencies, the interface states cannot track the alternative-current (ac) signal of 

measurement, since carriers life time τ is highly greater than 1/2πf [9] Therefore, the effect of 

interface states is considered as negligible. 

 

Fig. 4. Room temperature 1/C
2
 versus voltage plot for p-type Ti-Au/AlGaAs/GaAs Schottky 

diode at 1 MHz. 

The estimated electrical parameters obtained after the optimization (minimization) stage 

are shown in Table 2, where a high thermal dependence of SBD parameters is observable. 

Another approach to present the accuracy of the identified parameters is suggested by plotting 

both experimental and DA-based estimated characteristics, as shown in Fig. 5. In fact,  

the parameters thus obtained are replaced in Eq.(1) to compute the estimated current.  

Fig. 5 shows a good fit between measured and estimated I-V curves even changing the 

temperature, which confirms the high capability of DA algorithm to accurately identify the 

diode electrical parameters. 

By increasing the temperature, it is clearly seen in Fig. 6 that the ideality factor decreases 

and barrier height increases.  Concerning 𝑛, the deviation from unity (ideal value of 𝑛 is equal 

1) indicates the presence of generation-recombination traps at the interface between the top of 

the structure and the Schottky contact. It is due also to the inhomogeneity of barrier height 

through the MS contact [20]. 

It is also noticed a proportional increase of Ф𝑏  with temperature, which may be attributed 

to the variation of Al0.29Ga0.71As band gap energy as function of temperature. Knowing that 

for a thermally activated process, the transport mechanism is expressed by the ability of 

charge carriers to cross the barrier. Another explanation of this behavior of Ф𝑏 is the rise of 

quasi-Fermi level for the majority charge carriers to semiconductor side. 
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Fig. 7(a) shows an increase in 𝑅𝑠  value with decreasing temperature. This behavior is due 

to the decrease of carrier mobility and lack of free carrier at low temperature values [30]. As 

seen in Fig. 7(b), the built-in voltage values increase with temperature. This effect is 

commonly due to the presence of traps in Ti-Au/AlGaAs interface [12]. 

Table. 2 

SBD parameters identification results using DA algorithm from I-V and C-V characteristics. 

 Schottky diode parameters 

T (K) 
I-V C-V 

𝑛 Ф𝑏  (𝑒𝑉) 𝑅𝑠 (Ω) 𝐼𝑠 (A) 𝑁𝑒𝑓𝑓(𝑐𝑚−3) 𝑉𝑏𝑖  (𝑒𝑉) 

260 2.49 0.54 39 x10
3
 9.2x10

-9
 7.08x10

14
 -1.44 

300 2.15 0.60 33.8x10
3
 3.42x10

-8
 6.46x10

14
 -1.21 

340 1.44 0.67 30.9x10
3
 5.68x10

-8
 4.85x10

14
 -0.94 

360 1.4 0.77 29.5x10
3
 1x10

-8
 4.21x10

14
 -0.79 

400 1.3 0.79 20.3x10
3
 10

-7
 2.69x10

14
 -0.36 

 

 

Fig. 5. Measured and estimated linear I-V characteristics for different temperatures.  
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Fig. 6. Plots of the ideality factor and barrier height as a function of temperature for  

Ti/Au/ p-type AlGaAs/GaAs Schottky diodes. 

 

 

Fig. 7. Plots of temperature dependency of (a) series resistance and (b) built-in voltage of  

Ti/Au/ p-type AlGaAs/GaAs Schottky diodes. 

Moreover, in order to test the accuracy of the determined parameters, four statistical 

evaluation criteria have been used such as Mean Square Error (MSE), Root Mean Square 

Error (RMSE), Mean Absolute Error (MAE) and R-squared (R
2
).

 
 Those statistical metrics are 

computed as follows [31]. 

240 260 280 300 320 340 360 380 400 420
1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

 

 

 Ideality factor

 Barrier height

Temperature (K)

Id
e
la

it
y
 f
a
c
to

r,
 n

0.55

0.60

0.65

0.70

0.75

0.80

 B
a
rr

ie
r 

h
e
ig

h
t,


b
 (

e
V

) 

260 280 300 320 340 360 380 400

2.0x10
4

2.5x10
4

3.0x10
4

3.5x10
4

4.0x10
4

 

 

S
e

ri
e

s
 r

e
s
is

ta
n
c
e
(

) 

Temperature (K)

(a)

260 280 300 320 340 360 380 400
0.2

0.4

0.6

0.8

1.0

1.2

1.4 (b)

 

 

B
u

ilt
-i
n

 v
o
lt
a

g
e

 (
V

)

Temperature (K)



𝑀𝑆𝐸 =  
1

𝐿
∑(𝑦𝑖 − 𝑦̂𝑖)

2

𝐿

𝑖=1

 (19) 

 

𝑅𝑀𝑆𝐸 = √ 
1

𝐿
∑(𝑦𝑖 − 𝑦̂𝑖)2

𝐿
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(20) 

 

 

 

𝑀𝐴𝐸 =
1

𝐿
∑|𝑦𝑖 − 𝑦̂𝑖|

𝐿

𝑖=1

                          (21) 

 

𝑅2 = 1 −
∑ (𝑦𝑖 − 𝑦̂𝑖)2𝐿

𝑖=1

∑ (𝑦𝑖 − 𝑦̅)2𝐿
𝑖=1

                           (22) 

 

where 𝑦𝑖 is the real measured current value, 𝑦̂𝑖 is the corresponding estimated current value. 

 𝐿 denotes the size of current vector (amount of samples). 𝑦̅ is the mean value of current 

vectors. The obtained statistical metrics are summarized in Table 3. 

Table 3 

Statistical metrics evaluation results. 

Metrics 260K 300K 340K 360K 400K 

MSE 6.617 ×10
-15

 1.618 ×10
-14

 2.458 ×10
-14

 5.232 ×10
-14

 4.910 ×10
-13

 

RMSE 8.135 ×10
-8

 1.272 ×10
-7

 1.567 ×10
-7

 2.287 ×10
-7

 7.007 ×10
-7

 

MAE 6.852 ×10
-8

 1.090 ×10
-7

 1.356 ×10
-7

 1.905 ×10
-7

 5.558 ×10
-7

 

R
2
 0.98 0.972 0.976 0.96 0.94 

 

Results in Table 3 clearly demonstrate that the thermionic emission model with the 

identified parameters well fit the measured current-voltage characteristics for the different 

temperatures. This can be clearly observed from R
2
 values that are higher than 0.9.  Also, the 

low values of MSE, RMSE and MAE prove once again the high effectiveness of DA 

algorithm to accurately determine the SBD parameters.  

Scatter plot between measured and predicted currents are depicted in Fig. 8. 

 

 

 

 

 



 

Fig. 8. Scatter plot between measured and predicted current for  

(a) 260K, (b) 340K and (c) 360 K 

As can be seen from Fig. 8, a moderately strong and positive relationship between both 

predicted and measured current, which lead to produce a correlation coefficient close to 1. 

After having determined SBD parameters, voltage-dependent ideality factor 𝑛(𝑉) can 

be calculated using Eq. (23) [9]:  

𝑛(𝑉) =
𝑞 𝑉

𝑘 𝑇 𝑙𝑛 (𝐼 𝐼𝑆⁄ )
 (23) 

 

where 𝑉 and 𝐼 are bias voltage and experimental current, respectively. The effective barrier 

height Ф𝑒, which is supposed to be influenced by bias voltage, can be expressed as follow [9]: 

Ф𝑒 = Ф𝑏 + (1 −
1

𝑛(𝑉)
) 𝑉   (24) 
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Once the effective barrier height is computed, the energy of interface states 𝐸𝑠𝑠  as function of 

valence band energy 𝐸𝑉 is given by [32]:  

𝐸𝑠𝑠 − 𝐸𝑣 = 𝑞 (Ф𝑒 − 𝑉)               (25) 

 

Interface state density expression is given by Card et al [32] as follows: 

𝑁𝑠𝑠 =
1

𝑞
[
𝜀𝑖

𝛿
 (𝑛(𝑉) − 1) −

𝜀𝑠

𝑊𝐷
] 

       (26) 

where 𝜀0 is the vacuum permittivity, 𝜀𝑠 = 10.09𝜀0, which is AlGaAs semiconductor 

permittivity,  𝜀𝑖 = 4 𝜀0 denotes the interfacial layer permittivity. The thickness of interfacial 

layer is given as 𝛿 = 30 Å  [8, 32, 33] and 𝑊𝐷 is the space charge region (depletion region) 

width, which is found based on Eq. (27) [28] as 1.46 µm.  

𝑊𝐷 = √
2𝜀𝑠

𝑞 𝑁𝐴
(𝑉𝑏𝑖 − 𝑉) 

      

      (27) 

where 𝑁𝐴 is the ionized acceptor concentration.  

Results of interface states distribution from I-V characteristics of the realized sample at 300 K 

are depicted in Table 4. 

Table. 4  

The interface state density obtained from I-V characteristics at 300 K.  

V (V) 𝑛 Ф𝑒 (eV) (𝐸𝑠𝑠 − 𝐸𝑣) (𝑒𝑉) 𝑁𝑠𝑠 (𝑒𝑉-1
 𝑐𝑚-2

) 
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Fig. 9 shows the interface state density values as function of (𝐸𝑠𝑠 − 𝐸𝑣) for different 

temperatures. 𝑁𝑠𝑠 values decrease with increasing value of energy distribution from 0.40 to 

0.65 eV as function of temperature. This temperature dependency can be attributed to an 

atomic rearrangement and restructuring at MS interface. Furthermore, 𝑁𝑠𝑠 decrease from the 

top of 𝐸𝑣 towards midgap. This can be due to the barrier height inhomogeneity, as reported 

previously [32, 34-36]. 

 

Fig. 9. Plot of interface states density distribution for Ti/Au/ p-type AlGaAs/GaAs  

Schottky diodes at different temperatures.  

 

6. Conclusion  

The thermal effect on the electrical properties of Be-doped AlGaAs/GaAs Schottky diodes 

has been investigated by I-V and C-V characteristics. The thermionic emission model of 

current mechanism has been used to determine the device electrical parameters using 

Dragonfly algorithm. The significance of the proposed method was judged by calculation of 

different statistical metrics. The low values of MSE, RMSE and MAE prove the high 

effectiveness of DA to accurately determine the SBD parameters. Furthermore, the closed to 1 

of R-squared values indicate a good correlation between both measured and predicted current 

values. On the other hand, from I-V analysis, ideality factor values lie between 1.3 and 2.49 in 

the temperature range 260-400 K. Besides, the barrier height increased with temperature 

reaching a value of 0.79 eV. An apparent decrease in series resistance values with increasing 

temperature was observed, which is due to the rise of carriers’ mobility. From C-V 
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characteristics, it was shown that when the temperature rises, the built-in voltage drops. The 

interface states are responsible for the low barrier height, which led to the higher-than-one 

obtained ideality factor. Nevertheless, even with the good obtained results, DA has low   

probability to trap in local optimum instead of global one.  To deal with this issue, other 

variants of DA have been developed and will be employed in our future works. 
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