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Abstract

:

InAsPSb is an emerging material used as an efficient barrier in quantum well structures, and the resulting devices can be employed in the mid-infrared region of the electromagnetic spectrum. This study investigates the photoreflectance spectra of two InAsPSb/InGaAs multi-quantum well light-emitting diodes with 6 and 15 quantum well periods. The photoreflectance of the samples was analyzed at various temperatures and excitation powers. By examining the Franz-Keldysh oscillations in the spectra, we explored the influence of the number of well layers on the electric field strength in the junction. The results showed that the number of quantum wells can influence the electric field at the junction, potentially impacting the overall performance of the devices. The simulation of the electric field strength aligns with the results of the photoreflectance analysis. This suggests that the field extracted from Franz-Keldysh oscillations characterizes the field inside the multi-quantum wells, offering potential reasons for the observed effects on the number of multi-quantum wells in the field.
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1. Introduction


Semiconductor devices operating in the mid-wave infrared (MWIR) region of the electromagnetic spectrum have been widely investigated in the last few decades [1,2,3]. Among them, light-emitting diodes (LEDs) in the wavelength range of 2–5 μm have emerged as efficient structures for various applications, including remote sensing of pollutants [4], carbon dioxide (  C  O 2   ) and methane (  C  H 4   ) gas leakage monitoring systems [5], and more. Quantum well (QW) LED structures offer significant advantages over conventional ones, as the confined states for electrons and holes result in more efficient recombination and higher efficiency [6].



Various compound materials have been extensively studied to enhance the efficiency of QW LED structures in the MWIR range, primarily falling into two categories: II–VI and III–V compounds. Some examples of these investigations include GeSn/Ge [7], GeSn/SiGeSn [8], AlInAs/InAs [9], GaN/AlGaN [10], and InAs/GaSb [11] QW structures. Considerable focus has also been directed toward InAs and its alloys, including InAsPSb, InGaAs, InAsSb, and InGaAsSb, as highly promising materials for crafting optoelectronic devices in the infrared wavelength region [12,13,14,15,16]. Specifically, InAsPSb is one of the quaternary compounds with three group V materials studied in the literature [17]. The InAsPSb quaternary material has a more considerable bandgap energy (   E g  = 1.01   eV) than traditional barrier materials near the lattice constant of In0.83Ga0.17As. Since the barrier height in the conduction band increases, the confinement of the electrons could be enhanced. For example, comparisons between InAsP and InAsPSb for InGaAs wells have been investigated, and a higher carrier extraction efficiency when using the InAsPSb barrier has been demonstrated [18]. The lattice mismatch between InAsP and InP substrates could be addressed by incorporating step-graded buffer layers of InAsP as a virtual substrate. This approach enabled the realization of a two-color InGaAs detector [19].



However, photoreflectance (PR), known as a powerful contactless spectroscopy technique, can reveal various features in semiconductor structures, particularly interface and surface characteristics [20]. This valuable information includes optical transitions [21], built-in electric fields [22], defect densities [23], strain influence [24], quantum efficiency [25], and more. Several works have also investigated the dynamics of carriers in structures such as photodiodes by employing a similar experimental setup and observing the transient behavior of reflectivity [26,27,28]. Specifically, the built-in electric fields in the junction can be characterized by oscillations that appear in the high-field and higher bandgap regions of the PR spectrum. These oscillations, known as Franz-Keldysh oscillations (FKOs), allow the extraction of the strength of the electric field in the junctions [29].



The number of wells/barriers in the MQW structures is one of the critical factors that can influence the overall performance of the device [30,31,32,33]. There are no specific numbers for the wells/barriers that represent an optimized state, as they can vary across different materials and depend on manufacturing conditions. The built-in electric field in a p-n junction device plays a crucial role for various reasons. It prevents majority carriers from recombining with minority carriers, accelerates the minority carriers injected into the junction, and establishes a potential barrier that charged carriers must surpass to traverse the junction [34]. This field serves as a barrier that regulates the flow of electrons and holes, which is crucial for adequately functioning devices such as diodes and transistors. The built-in electric field is responsible for diodes, bipolar junction transistors (BJTs), and field-effect transistors (FETs)-integral components in numerous electronic devices [35,36,37]. Hence, taking into account how other components of a device influence the strength of the electric field can be a valuable strategy in the quest for high-performance devices.



Although LED structures incorporating InAsSbP, as an effective material in the infrared region of the spectrum, have been investigated in the literature [19,38,39,40,41,42,43,44,45,46], to the best of our knowledge, InAsSbP/InGaAs MQW LED structures have rarely been investigated. Furthermore, there is limited research on the influence of the number of quantum wells on the PR spectra and its impact on built-in electric fields. This lack of investigations prompted us to explore the photoreflectance response regarding the number of quantum wells in this type of structure. In this study, we prepared two InAsSbP/InGaAs MQW LED structures with different numbers of wells: 6 and 15. For the well, the composition of   I n   was chosen to be 0.83; for the barrier material, compositions of   A s   and P were selected at 0.30 and 0.65, respectively. The photoreflectance spectra of the samples were collected at different temperatures and power levels, and the influence of the number of wells on the spectra was analyzed. As a primary result, an increase in the number of quantum wells led to a decrease in the electric field within the MQWs, as observed in the case of the structures with 6 and 15 MQWs. Finally, we conducted simulations to analyze the electric field strength in the structure and compared the theoretical and experimental results to draw conclusions regarding possible reasons influencing this behavior.




2. Experimental Method


Lattice-mismatched materials were grown on n+-InP substrates using a D180 VEECO metal (Veeco, originated from New York, U.S.)-organic chemical vapor deposition (MOCVD) system. An n+-InAsxP1−x metamorphic virtual substrate was designed to relieve lattice strain. Our virtual substrate consisted of four-stage buffers. To further reduce the residual strain and smooth the surface, 350 nm of overshoot n+-InAs0.65P0.35 was grown. Following that, In0.83Ga0.17As/InAs0.30P0.65Sb0.05 multiple quantum wells (MQWs) with six and fifteen periods were grown on the InAsxP1−x virtual substrate, sandwiched between InAs0.63P0.37 top and bottom cladding layers. Finally, p+-InAs0.63P0.37 charge and p+-In0.83Ga0.17As contact layers were developed to ensure a uniform electric field distribution. A doping level of   2 ×  10 18    cm−3 was chosen for all doped layers. The details of the growth procedure are described in [18]. A schematic diagram of the samples is illustrated in Figure 1.



The PR spectra of the samples were obtained using a typical experimental setup described elsewhere [47]. A 405 nm laser diode was used as an excitation source, which was chopped at 800 Hz, and a monochromator was used to diffract the halogen lamp into various wavelengths. The photoluminescence spectrum was achieved using a continuous wave 532 nm laser, which was mechanically chopped at 800 Hz. The reflected and luminescence beams were collected via an InGaAs extended wavelength photodetector.




3. Results and Discussion


In this section, we summarize the overall results over five subsections.



3.1. Band Diagram and PR Spectra


The band diagram of the structure (Figure 1) with 6 MQWs is shown in Figure 2a. The resulting PR spectra of the samples with both 6 and 15 MQWs were taken at 20 K and are presented in Figure 2b. We present the PR spectra obtained at low temperatures due to the significant noise observed in the spectra at higher temperatures (around room temperature). As the band diagram shows, the minimum energy can belong to the transitions in the QWs higher than the In0.83Ga0.17As band-to-band energy (∼0.47 eV at 20 K). The main band-to-band energy of InAs0.63P0.37 (∼0.77 eV at 20 K) is also depicted in Figure 2b. The spectra are confined to the range of 0.65–0.9 eV to better visualize the oscillations that appeared. It is noteworthy that, according to the calculations, the quantum well transitions are located around 0.52 eV, which is far from the selected range for the PR spectra shown in Figure 2b. The PL spectrum of the 15 MQW sample was measured, and the result is shown in Figure 2c. This spectrum also indicates that the QW transitions (estimated as the peak point of the PL spectrum) lie in the range of 0.52–0.54 eV, which almost coincides with the simulation results based on 8-band k.p theory. The asymmetric shape of the PL spectrum can be attributed to air absorption [11,48] and/or the presence of two different emission bands. The PL spectra confirm the calculated quantum well (QW) transition range. Additionally, it can be observed that the QW transitions are a significant distance from the FKO oscillations. However, as demonstrated in Figure 2b, altering the number of QWs strongly affects the FKO, suggesting that the number of QWs influences both the FKO frequency and the associated field. Section 3.5 will further explore this assumption through simulations of the field inside the structure.



Upon initial observation, two key points can be inferred from the PR spectra: a minor redshift observed in the 15 MQW spectrum compared to the 6 MQW spectrum, and significant variation in the oscillations observed in the energy range above the bandgap of InAsP. To consider this variation, in the remainder of this paper, we mainly focus on the differences in the oscillations that appeared. We claim that the oscillations are FKO-type; however, to demonstrate this, we need to monitor the field extracted from these oscillations and show that the extracted field obeys the electric field trends in the junction. Hence, considering the power and temperature dependence of the spectra is essential.



By observing the redshift of the 15 MQW structure compared to the 6 MQW structure, we can provide information with regard to their structures. The lattice constants of In0.83Ga0.17As and InAs0.3Sb0.05P0.65 are 5.9895 A° and 5.95672 A°, respectively, resulting in a ∼0.5% mismatch between the lattice constants. The top cladding layer (InAs0.63P0.37) lattice mismatch is ∼0.02%. The lattice constant of the InAsP layer value is adopted from [49], and for the InAsSbP sample, we used the lattice constants of InAs, InP, and InSb, along with Vegard’s law, to estimate the value [17]. Although these calculations suggest that the chosen lattice for the well/barrier and the cladding layer is almost lattice-matched, the small positive mismatch indicates that the strain is of the tensile type. Therefore, increasing the number of wells in this structure can impose a more tensile-type strain and decrease the energy states, as the PR results also demonstrated. Another possible reason for the observed redshift can be explained as follows. Increasing the number of QWs can lead to a redshift in the transition energy due to overlapping wavefunctions of charge carriers localized in the wells. In the present work, we focused on variations in field strength inside the structure, and determining how much these factors influence the observed redshift is an issue that could be addressed in future work.




3.2. Fast Fourier Transform (FFT) of the PR Spectra


Extracting the oscillation features in PR spectra is a well-known technique for identifying the various characteristics of the corresponding structure. Specifically, oscillations appearing in the intermediate field region for energies higher than the main bandgap (FKO) could be an appropriate tool for characterizing the interfaces and surfaces. An electro-optic function describes these oscillations, and the asymptotic form of PR spectra can be estimated using the following [20]:


     ▵ R / R ∼ cos {  ( 4 / 3 )    [  ( E −  E g  )  /  ( ℏ θ )  ]   3 / 2   + π  ( d − 1 )  / 2 } ,     



(1)




where   E g   is the bandgap,     ( ℏ θ )  3  ≡  e 2   ℏ 2   F 2  / 2 μ  , d is the dimension of the critical point, F is the electric field strength in the depletion region, and  μ  is the reduced effective mass in the direction of the field. If we introduce the FFT into Equation (1), the frequency can be related to the field as follows:


     f =  ( 2 / 3 π )    ( 2 μ )   1 / 2    ( 1 / e ℏ F )  .     



(2)







Therefore, with knowledge of the reduced mass and the frequency of the FFT, one can calculate the electric field in the junction. In this study, the InAsP resulting junction with the p-type top layer is assumed to be the depletion region in this structure. The reduced mass for InAsP with   A s = 0.63  , calculated using the combination of material specifications [17], is found to be   μ = 0.0535  m 0   . As a first step, we applied the FFT to the spectra of Figure 2b and presented the normalized results in Figure 3. As shown in the figure, for both spectra, there is a relatively broad FFT that reveals the incorporation of different frequencies in the PR spectra. However, one dominant frequency appears for both 6 and 15 MQWs near 123.3 and 165.7 eV−3/2, respectively. Using Equation (2), the electric fields for 6 and 15 MQWs are calculated to be 20.4 and 15.2 kV/cm, respectively. This primary result indicates that increasing the number of QWs from 6 to 15 leads to displacing FFT peak points that decrease field strength by 5 kV/cm for   T = 20   K and   I = 45   mW/cm2. To support this main result, we need to establish two points: firstly, the calculated field represents the field in the region, and secondly, the field belongs to a specific depth. For the remainder of this study, we investigate the power and temperature dependency of PR spectra to address these two points.




3.3. Power Dependence PR Spectra


To further investigate the variations in oscillations presented in Figure 2b, we acquired power dependence PR spectra at 20 K for various powers in the range of 2.2–360 mW/cm2. The results, presented in Figure 4a,b, depict normalized spectra to better illustrate the differences between 6 and 15 MQWs. The spectra have changed in both cases: the amplitudes of the prominent three peaks have altered, and their periods could be varied through variations in excitation intensity. To consider these variations in detail, we employed the FFT method to determine the oscillation periods, extract the dominant frequency, and calculate the electric fields (following the procedure outlined in Section 3.2).



The final results of the electric field calculations for different excitation powers are shown in Figure 4c. As the figure shows, the field strength decreases with increasing power. This effect is directly related to the photovoltaic effect within the depletion region [50]. The field extracted from FKO obeys the below relation:


      F p  =  F  b i   −  F  p h   ,     



(3)




where   F p   is the field interfered with using FKO,   F  b i    is the built-in electric field, and   F  p n    is the field induced via the photovoltaic effect. Increasing the excitation power enhances the photovoltaic effect, and it, in turn, decreases the field extracted from FKO. Increasing the excitation power could enhance the photovoltaic effect due to a couple of reasons: Higher light intensities result in more photons hitting the material, thereby exciting more electrons and generating additional electron-hole pairs. Additionally, increasing excitation intensity increases the carrier generation rate. The rate at which electron–hole pairs are generated is directly proportional to the excitation power. Quantitatively, both phenomena increase the photocurrent through the junction, leading to a more substantial photovoltaic effect (  F  p h   ). If we assume that the dominant photocurrent in the junction is due to the drift current in the depletion region, we have [25]


      J p  =    I  e x   η  E  ,     



(4)




where   I  e x   ,  η , and E represent the light intensity (in this case, the intensity of the pump laser beam), quantum efficiency, and the energy of incident photons, respectively. Suppose the efficiency is fixed for a specific junction; in that case, the photocurrent is proportional to the incident intensity. For a 6 MQW structure, the field strength decreases from approximately 19.3 to 15.5 kV/cm (a 20% reduction), while for a 15 MQW structure, it decreases from 12.5 to 11.3 kV/cm (a 10% reduction).




3.4. Temperature Dependence PR Spectra


The PR spectra of 6 and 15 MQW structures were measured for temperatures ranging from 20 to 300 K for a specific excitation intensity (45 mW/cm2). The resulting spectra are shown in Figure 5a,b for samples with 6 and 15 MQWs, respectively. We applied the FFT method to all PRs at different temperatures, and the final result of the electric field calculation for the 6 and 15 MQW samples is shown in Figure 5c. This figure shows two primary outcomes: the electric field (derived with FKO oscillations) increases with temperature, and the electric field of the junction with 6 MQWs is higher than the field of the junction with 15 MQWs. The physical reason behind the temperature behavior of the electric field in junctions is well known. The maximum magnitude of the ideal electric field in the junction could described using [51]


      F  b i   =    2 e  V  b i    N a   N d     ϵ s   (  N a  +  N d  )     ,     



(5)




where e is the elementary charge;   V  b i    is the built-in potential barrier;   N a   and   N d   are acceptors and donor concentrations, respectively; and   ϵ s   is the permittivity. The potential can be described through the explicit formula


      V  b i   =   k T  e  ln  (    N a   N d      n i   2   )  ,     



(6)




which is proportional to the temperature. In the above equation,   n i   is the intrinsic carrier density in the material. Therefore, by combining Equations (5) and (6), one can conclude that an increase in temperature could lead to an increase in the electric field within the junctions, which is in good agreement with the experimental data (Figure 5c). For the 6 MQW structure, the electric field increased from approximately 17 kV/cm to 21 kV/cm, representing a 19% increase. Similarly, the 15 MQW structure experienced an increase in the electric field from 13 kV/cm to 17 kV/cm across a temperature range of 20 K up to room temperature, indicating a 23% increase.



We conclude the experimental subsection by highlighting that Figure 4c and Figure 5c validate our approach to determining the electric field using the FFT method. The observed physical trends in field strength across different excitation powers and temperatures align closely with the semiconductor theory discussed in each subsection.




3.5. Electric Field Simulations


By utilizing the Poisson and continuity equations for charge carriers, it is possible to simulate the electric field strength in the structure [51]. Figure 6 illustrates the overall results of the simulation, depicting the variations in the electric field within the cladding layers and multiple quantum wells (MQWs) for structures with 6 and 15 MQWs. As Figure 6 illustrates, the electric field strength in the junctions of both the top cladding layer (InAsP)/MQWs and the bottom cladding layer (InAsP)/MQWs remains almost the same for both the 6 and 15 MQW structures. This is a physically expected result because the high thickness of InAsP cladding layers could prevent the number of MQWs from affecting the field in those interfaces. The calculated field for the first one is about 206 kV/cm, and for the second interface, it is about 170 kV/cm, both of which are very far from the electric field calculated through the FKO part of the PR. However, the field inside the MQW structures in the 18–26 kV/cm range is near the field extracted from FKOs. As demonstrated in the zoomed-in inset of the electric field distribution for 6 and 15 MQWs in the MQW depth range shown in the inset of Figure 6, the field strength for 15 MQWs is lower than 6 MQWs, which is fully consistent with our PR analysis. The difference between the calculated values and the field extracted from the FKOs can be attributed to the ideal conditions in the calculations.



The result from Figure 6 (inset) indicates that the charge distribution in the MQW region is nonuniform, possibly due to the partial escape of carriers (electrons and/or holes) from the quantum wells. This situation may influence the space charge effect, and insights into it could be gained by examining the charge distribution within the MQW regions. This aspect could be considered a separate investigation exploring the effects of the number of QWs on carrier distributions.



Possible reasons for the effect of the number of QWs on the electric field can be explained as follows. Increased carrier confinement is one possible explanation. With a greater number of periods in the 15 MQW structure, carriers (electrons and holes) are more effectively confined within the QWs. In fact, the relationship between the number of QWs and the confinement strength is not straightforward. The number of wells does not directly affect the size of each well. Thus, adding more wells would not necessarily increase the confinement experienced by a single electron in a single well. Things become interesting when we consider multiple closely spaced wells. Their wavefunctions can overlap, giving rise to coupling, creating minibands-essentially a series of allowed energy levels spread across all of the wells [52]. This confinement reduces the spatial distribution of the charge, leading to a lower average electric field across the entire structure. Another effect that can reduce the field by increasing well/barrier numbers is the screening effect. A greater number of free carriers in the thicker 15 MQW structure can create a screening effect, reducing the overall electric field strength within the active region. This is because the induced charges in the carriers partially oppose the external electric field.





4. Conclusions


Two InAsPSb/InGaAs MQW light-emitting diode structures with different numbers of wells (6 and 15) were characterized using photoreflectance spectroscopy, and the resulting spectra were compared. Notably, oscillations appeared in the spectra, monitored at different excitation powers and temperatures. These variations were identified as Franz-Keldysh oscillations and were used to calculate the electric field. The final result shows that increasing the number of quantum wells in these structures decreases the electric field. This decrease is accompanied by a redshift observed in the photoreflectance spectra of structures with 15 quantum wells relative to those with 6. The simulations also confirm the reduction in the field strength for the 15 MQW structure and demonstrate that the oscillations that appeared in the photoreflectance spectra can be attributed to the field within the multi-quantum well region. The electric field strength plays a crucial role in these types of diodes and may affect their overall performance. However, further measurements and characterizations may be necessary to understand this effect on other characteristics, such as electric properties, especially for devices with specific contacts.
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Figure 1. Schematic diagram of InAsSbP/InGaAs MQW LED structures. Samples include those with 6 and 15 MQWs. 
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Figure 2. (a) A band diagram of the structure with 6 MQWs, the red and blue lines show the conduction and valence band edges, respectively, (b) the PR spectra for samples with 6 and 15 MQWs at 20 K and an excitation intensity of 45 mW/cm2, and (c) PL spectrum of sample with 15 MQWs at 20 K. 
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Figure 3. Fast Fourier transform (FFT) of the PR spectra for 6 and 15 MQW LED structures (Figure 2b). 
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Figure 4. The power dependence PR spectra for (a) 6 and (b) 15 MQW InAsSbP/InGaAs LED structures and (c) the variation in the electric field versus various excitation powers. 
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Figure 5. The temperature dependence PR spectra for (a) 6 and (b) 15 MQW InAsSbP/InGaAs LED structures and (c) the variation in the electric field based on various temperatures. 
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Figure 6. Electric field profile based on the depth of top and bottom cladding/MQW interfaces for structures with 6 and 15 MQWs. The inset shows a close-up view of the MQW depth range. 
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