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 ABSTRACT 

	Several semiconductor materials are currently retaining attention with a view of elaboration of photodiodes in near-infrared. The major asset of III-V semiconductor materials is their direct band gap (contrary to silicon), which makes them components of choice for optoelectronic devices. III-antimonides constitute a very good technical solution for near-infrared photodetection and are at the same time flexible, reliable and very well suited to the whole range of near-infrared applications. In this paper, we aim to apprehend the effect of the electric field on the performance of photodiodes based on GaSb and GaInSb under reverse polarization. We realize one-dimensional models of P-n-N and P-i-N heterojunctions under reverse polarization, in where we use GaSb as substrate and GaInSb as intrinsic layer. The simulation of the internal quantum efficiency showed us that the classical P.n model deposited on substrate is more efficient for lower energies than 0.72eV than the model P-i-N (GaSbP/Ga1-xInxSbi/GaSbN). On the other hand, the P.i.N model (GaSbP/Ga1-xInxSbi/GaSbN) remains more efficient for energies higher than 0.743eV with a practically constant internal quantum efficiency equal to 96.6%. The effect of the electric field allowed us to show that the P-i-N photodiode model (GaSbP/Ga1-xInxSbi/GaSbN) can operate under low application voltages of the order of 100mV.
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1. INTRODUCTION 

To achieve optical interconnections using III-Sb photonics, it is necessary to develop a set of optoelectronic components that will provide the link between the components that using an electrical signal. In this article, we define models of one-dimensional structurals that allow us to calculate the internal quantum efficiencies involving geometric and photoelectric parameters. In order to obtain rapid results and to study the influence of certain parameters on the operation of photodiodes under illumination and under reverse polarization, an analytical calculation method on drift-diffusion phenomena has been developed. The results provide analytical solutions for analyzing the behavior of electronic components. The adopted method is based in particular on electron and hole current equations and continuity equations. We will discuss the simulation results carried out using Mathcard software to assess the photodiodes performances.

2. mODELING

2.1 The P-n Junction Model Deposited on Substrate under Reverse Polarization.  
We remind that analytical modeling is the first approach to physical simulation. It is the approach that requires the least computing resources since it seeks to approach the phenomenon and/or structure studied in such a way as to have the simplest possible model [1]. We aim to calculate the internal quantum efficiency of the photodiodes, involving the electrical characteristics and the geometric and photoelectric parameters in each region of the P-n-N junction deposited on substrate under inverse polarization. In 1962 Anderson [2] studied a similar model. He assumed the ideal heterojunction, namely abrupt and devoid of interface charge, due for example to a crystal mesh mismatch. In this model, we consider that the current is due to the injection or diffusion of carriers above the potential barriers existing in the conduction and valence bands after the formation of the junction between the two semiconductors.
[image: ]
Figure 1: Schematic (a) and energy band diagram (b) of a P-n heterojunction deposited on a substrate under reverse polarization.
In order to simulate a model corresponding to a P-n-N structure deposited on a GaSbN substrate (figure 1) under reverse polarization, we assume that the junction is between the first two layers (P-type and n-type) and that the thickness of the N-type substrate is infinitely large compared to the other geometric parameters. Capital letters represent large gap materials and lowercase letters represent small gap materials. The geometric parameters are given in figure 1.
2.1.1 Calculation of the current density of electrons generated in the emitter.
The current density of electrons Jn in the case where the system exhibits both the action of an electric field E and a diffusion process is written [3]:

                (1)


where  is the electron mobility and  is the evolution of the electrons density in excess in the emitter.
The variation of the electron density in the emitter then depends on the current density as well as the phenomena of generation (arrival of photon flux) and recombination. In the emitter, the distribution of electrons is governed by the continuity equation which is written in the presence of generation and recombination as follows [4]:

                       (2)

with gn the electron generation rate in the emitter and  the electrons lifetime.
It resultes that in stadetionary regime and in the presence of an external electric field, the continuity equation can be written as :

                     (3)

This equation is that of a drift-diffusion model [4] and by setting we can write:

                    (4)
Solving this equation gives us an analytical solution in the form:

                       (5)


with et               (6)
The constants A and B are determined from the following boundary conditions: 


     in                        (7)   [5]


	               in                    (8)
We recall that in steady state, the current density which is the sum of two terms Jn and Jp, is conservative. Consequently, the calculation does not depend on x. Indeed the density of this current must have the same value whatever x. At position xp, this current density is equal to that of the electrons. Taking into account the second boundary condition (equation 8), we can write:

                                       (9)
Soit :

 (10)
The spectral response, or internal quantum efficiency, of a photodetector is defined as the ratio between the number of charge carriers collected and the number of photons absorbed. It is expressed by [6]:

                          (11)
From equations (10) and (11), we pull the expression for the internal quantum efficiency of the emitter (equation 12) which describes the contribution of the electrons generated in the emitter (zone AB figure 14) and collected by the P-n junction.

(12)
2.1.1 Calculation of the current density of holes generated in the base and at the substrate.
The current density of holes generated in the base and at the substrate is governed by the following continuity equations:

            (13)

 (14)




and  are the absorption coefficients of layers 2 and 3 and and the evolutions of excess hole density in regions 2 and 3

By posing  we can write : 

       (15)

We assume that the hole diffusion coefficient  is the same in the GH and HI regions Figure 1(a).
Solving these equations leads to analytical solutions which are in the form:

                (16)

              (17)


With   et         (18)
The constants A, B, M and N are determined from the following boundary conditions:


en                       (19)


 en                         (20)
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 en                                 (22)
At x equals xp+w, the current density is equal to that of the holes and it is defined by:

(23)
Calculating this current density allowed us to deduce the expression for the internal quantum efficiency describing the contribution of holes. This expression is given by equation 24.

(24)
The first term describes the contribution of holes generated in the GaInSb base and the second term describes the contribution of holes generated in the N-type GaSb substrate.
2.1 The P-i-N Junction Model Under Reverse Polarization
It is recognized that the type of structure used for the manufacturing of components is an essential element to produce a good electronic device.
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Figure 2: Schematic (a) and energy band diagram (b) of a P-i-N heterojunction under reverse polarization
Old structures such as p-n homojunctions or heterojunctions that we deposited on substrates are still relevant. These structures are junctions of two differently doped semiconductor materials. Research has shown that these structures would be more efficient if the maximum number of carriers are generated in the space charge zone, hence the idea of widening this region. To widen the space charge zone, researchers suggested inserting an intrinsic, unintentionally doped layer between the two doped layers of P-type and N-type to obtain the P-i-N structure. The P-i-N structure is obtained by the growing a non-intentionally doped (NID) layer with a band gap Eg and thickness w2 between a P-doped layer and the N-type substrate (Figure 1). The P-i-N photodiode can be illuminated by the P face which can be absorbent or transparent at the working wavelength, or by the substrate if this one is transparent [7].
[bookmark: _GoBack]To model any photodetector, it is necessary to solve the various equations that govern charge transport in the semiconductor. The variation of the minority carrier density is governed by the continuity equations. The calculations of the current densities of the photocreated carriers in the emitter and in the space charge zone are done in the same way as in the case of the classical reverse-biased p-n junction model [13-15]. Therefore, we will only limit ourselves to calculating the current density of the photocreated holes in the base. The substrate serves as the base and we assume that its thickness is infinitely large compared to the other geometric parameters of the structure and that the structure is illuminated by the P-type face (Figure 2).
The calculation of the density of photocreated holes in the base, by the drift-diffusion model, is governed by the following continuity equation.

       (25)
αi is the absorption coefficient of the intrinsic layer and α2 and α3 are respectively the absorption coefficients of the P and N layers, and Δp the variation of the density of excess holes in the base (Figure 2).
The solution to this equation is in the form:

                  (26)


with and        (27)
The constants A and B are determined from the boundary conditions:
In the case of reverse polarization, the density of minority carriers is considered zero at the boundary between the neutral zones and the space charge zone. This amounts to considering that the carriers, upon entering the space charge zone, can instantly acquire an infinite speed. We assume that there are no minority carriers at the rear surface of the substrate. These two hypotheses lead to the following boundary condition.


in  (28)


 in  (29)


We assume that the displacement current  is negligible in neutral zones and that the current density is independent of position (one-dimensional model) [8].
At x equal to xp+w this current density is equal to that due to the contribution of the holes and it is defined by:

                           (30)
The calculation of this current density allowed us to deduce the expression for the internal quantum efficiency given by equation  19:

                (31)
This expression describes the contribution of photocreated holes in the base and collected by the junction.
3. results and discussion
Some photodiodes, unlike photovoltaic solar cells, require a power source for their operation. The simulation presented in this article was used to assess the influence of electrical and geometric parameters on the spectral response of heterostructures under reverse polarization. The Mathcad software used allows, from the calculation results at the modeling level, to simulate the behavior of photodiode models and to evaluate their performance. We are particularly interested in the P-i-N structure model under reverse polarization and we compare its spectral response with that of conventional junction models deposited on substrates under reverse polarization.
3.1 Contribution of Different Regions of a P-n Heterojunction Deposited on Substrate and a P-i-N Junction Under Reverse Polarization 
In Figure 3, we present the spectral response contributions of the different regions of a GaSbP/Ga1-xInxSbn/GaSbN heterojunction (Figure 3b) and a GaSbP/Ga1-xInxSbi/GaSbN P-i-N junction (Figure 3a) under reverse polarization. We observe a significant contribution from the base of the GaSbP/Ga1-xInxSbn model deposited on GaSbN substrate compared to that of a GaSbP/Ga1-xInxSbi/GaSbN (P-i-N) photodiode.
[image: ]
Figure 3: Contribution in spectral response of the different zones of a GaSbP/Ga1-xInxSbi/GaSbN (P-i-N) junction (a) and a GaSbP/Ga1-xInxSbn/GaSbN heterojunction (b) in reverse polarization (E=2.103V/cm, Sn=2.106cm/s, Ln=0.8µm, Lp=5µm, z=0.5µm, xp=0.1µm, w=1µm).
In both cases the contribution of the emitter remains very low. The contribution of the space charge zone, on the other hand, is more significant for the GaSbP/Ga1-xInxSbi/GaSbN P-i-N junction model than for the classical junction model GaSbP/Ga1-xInxSbn/GaSbN. With the P-i-N junction model, we see that most of the absorption occurred in the space charge zone. The widening of the space charge zone with the insertion of the Ga1-xInxSbi intrinsic layer therefore allowed to maximum  of photocarriers to be generated in the space charge zone and to contribute to the photocurrent. The strong contribution noted of the base of a GaSbP/Ga1-xInxSbn heterojunction deposited on a GaSb substrate is linked to the fact that the GaSb material of the emitter remains transparent to the flow of photons with energy lower than its gap energy, thus allowing a strong generation of holes at the base level, which are going subsequently to spread towards the junction and contribute to the photocurrent. To generate the maximum number of photocarriers in the space charge zone, it is judicious to adopt the GaSbP/Ga1-xInxSbi/GaSbN P-i-N photodiode model.
3.2 The P-i-N Junction Model Under Reverse Polarization
This is a P-i-N photodiode suitable for detection in the near infrared range. The intrinsic zone (i) is constituted by the ternary Ga1-xInxSbi with 18% indium, not intentionally doped [9; 10], included between two GaSb layers, one of which is P-doped and the other (the base) is N-doped, either the GaSbP/Ga1-xInxSbi/GaSbN model.
3.2.1 The Influence of the Electric Field on the Spectral Response
Figure 4 shows the evolution of the spectral response for different values of the electric field of a GaSbP/Ga1-xInxSbi/GaSbN P-i-N photodiode. There is a strong increase in the internal quantum efficiency at low energies when the external electric field is increased, while the opposite phenomenon is observed for energies above 0.75eV. This inversion of the internal quantum efficiency is linked to the decrease in the contribution of photogenerated electrons in the emitter when the applied electric field is increased.
[image: ]

Figure 4: Variation of the internal quantum efficiency for different values of the electric field as a function of the photon energy of a GaSbP/Ga1-xInxSbi/GaSbN (P-i-N)  junction under reverse polarization (Sn=2.106cm/s, Ln=0.8µm, Lp=5µm, z=0.5µm, xp=0.1µm, w=1µm).
Indeed, an increase in the electric field leads to a strong widening of the space charge region on the emitter side, leading to a reduction in the number of electrons generated in the emitter and able to contribute to the photocurrent. Given the high mobility of electrons linked to the electric field, a reduction in photogenerated electrons in the emitter would quickly be felt in its contribution to the internal quantum efficiency. On the other hand, for photogenerated holes in the base, an increase in the external electric field would allow to improve their mobility and witness a strong diffusion of holes towards the space charge zone. To this end, an increase in the electric field allows the maximum number of holes to reach the space charge zone and contribute to the photocurrent, hence the clear improvement in the spectral response observed at low energies when the applied field is increased.
3.2.2 The Influence of the Thickness a of the Intrinsic Layer i on the Spectral Response
Figure 5 shows the variation of the sensitivity for different values of the intrinsic layer thickness as a function of photon energy for a reverse biased P-i-N photodiode. we observe an abrupt increase in the device sensitivity for  energies below 0.71eV to reach a maximum of order  1.37A/W before gradually decreasing for high energies. This abrupt variation in sensitivity is related to the direct nature of the transitions of the materials composing the P-i-N photodiode. However, the maximum value varies slightly with the thickness (z) of the intrinsic layer. The small increase in sensitivity with the thickness (z) of the intrinsic layer is related to its critical thickness. Indeed, the critical thickness of GaInSb is very low. This property of the material means that, when this thickness value is exceeded, dislocations occur which deteriorate the quality of the layer by acting as recombination centers that kill photocreated carriers.
[image: ]
Figure 5: Variation of sensitivity for different values of intrinsic layer thickness as a function of photon energy of a GaSbP/Ga1-xInxSbi/GaSbN (P-i-N) junction under reverse polarization (Sn=2.106cm/s, Ln=0.8µm, Lp=5µm, E=2.103V/cm, xp=0.1µm, w=1µm).
A further increase in this layer can completely destroy the layer [11], hence the need to find a compromise between increasing the space charge area and the limiting value of the thickness (z) of the intrinsic layer of these P-i-N device models. Although the insertion of an intrinsic layer remains a good solution for strong absorption in the space charge area, the thickness of this layer constitutes a constraint for better efficiency of the photodiode.
3.3 Comparative Study of the Spectral Response of a P-i-N Junction and a P-n Heterojunction Deposited on a Substrate Under Reverse Polarization.
Figure 6 shows the evolution of the internal quantum efficiency of a GaSbP/Ga1-xInxSbn heterojunction deposited on  GaSb substrate and a GaSbP/Ga1-xInxSbi/GaSbN P-i-N photodiode as a function of the photon energy. It is noted that for photon energies lower than 0.72eV, corresponding to the GaSb gap, the internal quantum efficiency of a P-i-N junction is lower than that of a P-n heterojunction deposited on  GaSb substrate. On the other hand, for energies higher than 0.743eV the internal quantum efficiency of the P-i-N photodiode is higher and is practically constant with a maximum value of 96.6%. The slight decreases in internal quantum yields can be attributed to the recombination phenomena in materials surface. The interest in the model to be adopted therefore lies in the working wavelength range. The performance of a device, apart from the electrical and geometric parameters, depends on the junction model and the absorption spectrum. The GaSbP/Ga1-xInxSbi/GaSbN P-i-N photodiode is of real interest in the near infrared absorption spectrum, particularly in the wavelength range between 0.8µm and 1.74µm including the two windows [1.3µm and 1.55µm] used in optical telecommunication systems [12].

[image: ]
Figure 6: Variation of the internal quantum efficiency as a function of the photon energy of a GaSbP/Ga1-xInxSbn/GaSbN heterojunction and a GaSbP/Ga1-xInxSbi/GaSbN (P-i-N) junction under reverse polarization (Sn=2.106 cm/s, Ln=0.8µm, Lp=5µm, E=3.103V/cm, xp=0.1µm, xt=7µm w=0.7µm).

4. Conclusion
In this paper, we performed one-dimensional modeling of heterojunctions under reverse bias and under illumination. The studied models are a P-n heterojunction model deposited on N-type substrate and a P.i.N heterojunction model. The simulation of the internal quantum efficiency of the GaSbP/Ga1-xInxSbi/GaSbN photodiode model allowed us to show that the insertion of an intrinsic layer optimizes the performance of the photodiode. However, the low value of the critical thickness of the Ga1-xInxSbi based intrinsic layer constitutes a constraint to improve the performance of this photodiode model. The GaSbP/Ga1-xInxSbi/GaSbN P-i-N photodiode is of real interest in the near infrared absorption spectrum, particularly in the wavelength range between 0.8µm and 1.7µm including the two windows used in optical telecommunication systems with an internal quantum efficiency of up to 96.6%. For energies lower than 0.75eV, the internal quantum efficiency of the GaSbP/Ga1-xInxSbi/GaSbN P-i-N photodiode increases with the external electric field, while the opposite phenomenon is observed for energies higher than 0.75eV.The effect of the electric field has allowed us to show that the GaSbP/Ga1-xInxSbi/GaSbN P-i-N photodiode model can operate under low application voltages of the order of 100mV.  Beyond improving the performance of photodiodes, this article will contribute to a better understanding of the physical phenomena that govern the operation of photodiodes.
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