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A B S T R A C T   

We present research on the role of multiple quantum well periods in extended short-wavelength 
infrared InGaAs/InAsPSb type-I LEDs. The fabricated LEDs consisted of 6, 15, and 30 quantum 
well periods, and we evaluated the structural properties and device performance through a 
combination of theoretical simulations and experimental characterization. The strain and energy 
band offset was precisely controlled by carefully adjusting the composition of the InAsPSb qua-
ternary material, achieving high valence and conduction band offsets of 350 meV and 94 meV, 
respectively. Our LEDs demonstrated a high degree of relaxation of 94–96 %. Additionally, we 
discovered that the temperature-dependent dark current characterization attributed to 
generation-recombination and trap-assign tunneling, with trap-assign tunneling being more 
dominant at lower current injections. Electroluminescence analysis revealed that the predomi-
nant emission mechanism of the LEDs originated from localized exciton and free exciton radiative 
recombination, which the 30 quantum wells LED exhibited the highest contribution of the 
localized exciton/free exciton radiative recombination. We observed that increasing the quantum 
well periods from 6 to 15 led to an increase in the 300 K electroluminescence intensity of the LED. 
However, extending the quantum well period to 30 resulted in a decline in emission intensity due 
to the degradation of the epitaxial film quality.   

1. Introduction 

Optical sensors are comprised of a photodetector coupled with a light-emitting diode (LED) and can detect and measure gas 
concentrations based on the absorption signal. Compared to traditional solid-state and chemical sensing technologies, optical sensing 
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offers the advantages of miniaturization, fast response time, and real-time monitoring. The need for high-quality LEDs operating in the 
extended short wavelength infrared (e-SWIR, 2–3 μm) region has recently received significant attention due to the absorption lines of 
many biogases, such as CO2 and CH4, falling within this range [1]. 

GaSb has traditionally been selected as a substrate due to its low lattice mismatch with small bandgap emitters such as InGaAsSb or 
InAs. In recent years, the adoption of InGaAsSb/AlGaAsSb type-I quantum well (QW) structures have facilitated the emission of 
wavelengths ranging from 1.5 μm to 3.5 μm [2]. In comparison to GaSb-based devices, InP-based devices have the advantages of low 
cost, advanced processing technology, and good thermal conductivity. However, lattice-matched LED growth on InP substrates has the 
drawback of only producing emission wavelengths up to 1.7 μm [3]. To overcome these challenges, extensive research has been 

Fig. 1. Schematic structure represents our metamorphic growth e-InGaAs/InAsPSb light emitting diodes grown on InP substrate.  
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conducted to extend the emission wavelength of InP-based devices. This research has included the use of high-strain InGaSb/InGaAs 
type-II QWs [4,5] and complex quantum cascade structures [6,7]. However, growing these structures via metal-organic chemical vapor 
deposition (MOCVD) presents significant challenges. 

An alternative method for extending the emission wavelength include using compositionally graded metamorphic buffers to 
improve the matching to the lattice constant of the InP substrate [8–11]. For example, modified InAs type-I QWs grown on cationic 
mixed InAlAs metamorphic buffers using molecular beam epitaxy (MBE) have reported emission wavelengths up to 2.9 μm [10,11]. 
The utilization of MBE for growing strained InAs type-I QWs on a cationic mixed InAlAs metamorphic buffer has demonstrated the 
ability to extend the emission wavelength up to 2.9 μm. However, a drawback of this structure is that the emission of continuous waves 
is achieved only up to temperatures of 180 K [10]. InAsxP1-x anionic mixed metamorphic buffers with lattice matching to InGaAs are 
considered potential e-SWIR emitters due to their ability to tune the bandgap within the desired wavelength range. These materials 
have been extensively utilized as photodetectors, demonstrating cutoff wavelengths up to 3.0 μm [12]. However, the realization of 
InGaAs type-I emitters has been challenging due to the absence of high-quality lattice-matching barriers. 

On the other hand, to maximize the external photon emission yield, it is commonly used to increase the period number of the QW to 
expand the emission cross-section area. Previous studies have shown that increasing the QW period number can hinder the carrier 
overflow and auger processes and consequently maximize the photon emission yield [13,14]. However, including more layers may also 
introduce more Shockley-Read-Hall (SHR) centers, which can decrease the rate of radiative recombination [15]. Therefore, the ideal 
periods of QW for this structure are still uncertain. 

In this study, InGaAs/InAsPSb type-I multiple QW (MQW) LEDs were grown utilizing an InAsP anionic mixed metamorphic buffer. 
In particular, the composition of the InAsPSb quaternary material was carefully controlled to precisely adjust the strain and energy 
band offset. Both theoretical simulations and experimental characterization were used to investigate the structural properties and 
device performance as a function of QW periods. Our results indicate that although increasing the QW periods can enhance emission 
intensity for InGaAs/InAsPSb type-I QWs LED, device performance deteriorates when the QW periods exceed 15 due to degradation in 
the epitaxial film quality. 

2. Experimental procedure 

A schematic representing the device structure is shown in Fig. 1. Our LEDs were monolithically grown within a low-pressure 
MOCVD system on an n+-InP substrate. Trimethylgallium (TMGa), trimethylindium (TMIn), ashine (AsH3), and phosphine (PH3) 
were employed as sources. Disilane (Si2H6) and diethylzinc (DEZn) were used as n-type and p-type dopants, respectively. First, 4 steps 
n+-InAsxP1-x metamorphic buffer with As compositions increase from x = 0.40 to 0.63 was grown with a step of x = 0.058. The 
thickness of each step was designed to be 350 nm to ensure crystal relaxation. The composition was tuned by varying the AsH3 flow 

Fig. 2. Simulated band structure and carrier density of the MQW at 300 K and 0 V bias.  

P.D. Nguyen et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e25269

4

rate while keeping PH3 flow rate constant. To further reduce residual strain and smooth the surface, 350 nm of overshoot n+-InAs65P35 
was grown [16]. Then, 500 nm InAs0.63P0.37 was grown as a virtual substrate. A series of 3 LEDs were sequentially grown with the 
active layer consisting of 6, 15, and 30 periods of 10 nm-In0.83Ga0.17As/20 nm-InAs0.3P0.65Sb0.05 MQWs. The composition and 
thickness of each layer were carefully designed to minimize the strain with respect to the virtual substrate [17]. After a 500 nm top 
cladding layer of InAs0.63P0.35, we grew 200 nm of p+-In0.63P0.35 to prevent electron overflow. Finally, 50 nm of p+-In0.83Ga0.17As was 
grown on top for Ohmic contact. 

Devices were fabricated into 300 × 300 μm2 square mesas using photolithography and dry etching technique. Further H3PO4/ 
H2O2/H2O and H3PO4/HCl wet etching was performed to eliminate mesa damage from dry etching. The mesa side walls were 
passivated by 200 nm of SiO2 using plasma-enhanced chemical vapor deposition and dry etching technique. Pd/Ti/Cr/Au was 
deposited for top metallization and Pd/Ge/Au was deposited on the back side for bottom metallization using an e-beam evaporation 
system. After that, fabricated LEDs were packaged into a copper housing, ready for further analysis. 

Surface morphology was measured using a Nomarski differential interference contrast microscope system (Leica DM4 M). The 
crystallographic characterization was performed using a high-resolution X-ray diffraction (X’Pert MRD) system using CuKα1 radiation. 
The measured spectra were analyzed using X’Pert Epitaxy software to investigate the strain and composition of the LEDs. 

Dark current density-voltage characteristic was performed using a source measurement unit (Keithley 236) inside a temperature- 
controlled liquid N2-cooled cryostat. For electroluminescence (EL) characteristics, samples were mounted inside a temperature- 
controlled He2-cooled cryostat and excited by a current source unit (Keysight B2910BL). Emission photons were collected and 
analyzed by a Fourier transform infrared spectrometer (Nicolet 6700). For evaluating the dependence of emission intensity on injecting 
current, emission signals were collected and analyzed by a spectrometer (Horiba iHR-350) equipped with an InGaAs detector and lock- 
in amplifier. 

3. Results and discussion 

We first analyzed the electronic structure of the LED’s QWs by conducting Nextnano quantum simulations using parameters ob-
tained from the literature [18,19]. The resulting band structure and carrier density at 300 K is shown in Fig. 2. 

The simulated valence band and conduction band offsets between the In0.83Ga0.17As well layer and the InAs0.3P0.65Sb0.05 barrier 
layer are 350 meV and 94 meV, respectively. In a type-I QWs structure, a higher band offset is desired in order to efficiently confine the 
carriers within the low bandgap layer. The thermal energy, calculated using the equation E(T) = KBT, where KB is Boltzmann constant 
and T is temperature, is equal to 25 meV at room temperature. The calculated band offset values for the well/barrier structures and 
compositions we introduced are much higher than the thermal energy, suggesting that our LEDs can operate at room temperature. 

We investigated the morphological quality of our LEDs using the Nomarski interference contrast microscope, enhancing the 
contrast though the differential phase of transmitted light. The results are shown in Fig. 3. The 6 QWs LED and 15 QWs LED exhibited 
relatively smooth surfaces, whereas oval-shaped defects (~10 μm in size) were observed on the surface of the 30 QWs LED, indicating a 
degradation in epitaxial film quality. 

The reciprocal space map (RSM) of our LEDs measured in the vicinity of the asymmetric reflection (115) shown in Fig. 4. Full 
relaxation lines presented as dotted lines. The reciprocal lattice unit (r. l. u.) were calculated using equations (1) and (2): 

Qx =
(
2π

/
λXray

)
[cos(2θ − ω) − cos (ω)] (1) 

Fig. 3. Nomarski microscopy images of LED with (a) 6 QWs, (b) 15 QWs, and (c) 30 QWs at 20x magnification. (d) Nomarski microscopy image of 
QWs with 30 QWs at 150x magnification. 

P.D. Nguyen et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e25269

5

Qy =
(
2π

/
λXray

)
[cos(2θ − ω)+ sin (ω)] (2) 

The reciprocal lattice point (RLP) of the InP substrate defined as the reference (Qx = Qy = 0). Several RLPs were observed in the 
RSMs, corresponding to the InAsxP1-x metamorphic buffers along with InAs0.63P0.37 virtual substrates, respectively (indicated as MBs 
and VS). The out-of-plane and in-plane lattice constants for the InAs0.63P0.37 virtual substrates calculated as follows: a (⟂) ≈ 5. 9903 Å/ 
a (‖) ≈ 5.9791 Å, a (⟂) ≈ 5.9897 Å/a (‖) ≈ 5.9808 Å, and a (⟂) ≈ 5.9920 Å/a (‖) ≈ 5.9782 Å for 6, 15, and 30 QWs LEDs, respectively. 

The degree of strain relaxation (R) is evaluated using equation (3): 

R=
(a‖ − as)

(ar − as)
(3)  

Where a‖ is the in-plane lattice constant, as is InP substrate lattice constant, ar is the fully relaxed lattice constant. R is calculated to be 
95, 96, and 94 % for 6, 15, and 30 QWs LED, respectively. 

Interestingly, RLPs for In0.83Ga0.17As/InAs0.3P0.65Sb0.05 MQWs pendellosung fringes were observed (shown as red ellipses). These 
RLPs have the same Qx coordinates as the InAs0.63P0.37 virtual substrates, indicating the MQW is strained equally, i.e., has the same in- 

Fig. 4. Reciprocal space maps at the vicinity of the (115) asymmetric reflection of LED with 6 QWs (left), 15 QWs (middle) and 30 QWs (right), 
respectively. Fully relaxed line is shown. 

Fig. 5. Forward dark J-V characteristic of LED with 6 QWs (bottom), 15 QWs (middle) and 30 QWs (top), respectively.  
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plane lattice constant as the virtual substrates. By performing an analysis of the vertical cross-section around the virtual substrates 
RLPs, the fringes period was estimated to be ΔQy ≈ 0.0024 r. l.u, corresponding to a period thickness of Δt ≈ 31.5 nm, which is 
consistent with our growth target QW thickness (as shown in Figs. 1 and 10 nm-In0.83Ga0.17As/20 nm-InAs0.3P0.65Sb0.05). For 30 QWs 
LED, these pendellosung fringes are diffused along the in-plane direction (Qx), evidence of the degradation of the QWs’ quality. When 
the thickness of the QWs stack increases above the critical thickness [17], the accumulated strain is released through the strain 
relaxation process, resulting in the formation of threading dislocations [20]. These dislocations can disrupt adatom diffusion during 
growth, generating oval-shaped surface defects, as observed in the 30 QWs LED (Fig. 3(c) and (d)). 

Fig. 5 illustrates forward dark J-V characteristics of our LEDs with different QW periods at varying temperatures, plotted on a semi- 
logarithmic scale. As observed in the figure, there are three distinct regions with different slopes, indicating a bias-dependent dark 
current mechanism (designated as I: J < 10− 4 A/cm2; II: 10− 4 A/cm2 < J < 1 A/cm2; III: J > 1 A/cm2). 

The dark J-V curve was simulated using equation (4) (Shockley relation): 

J = J0 exp(qV /ET) (4)  

Where J0 is the pre-exponential factor, q is the fundamental electron charge, and ET is the characteristic energy associated with the 
potential barrier for the carrier transition. ET can also be expressed as ET = nkBT, where n is the diode ideality factor, T is the tem-
perature, and kB is the Boltzmann constant. In the well-known Sah-Noyce-Shockley model, the ideality factors 1 and 2 are attributed to 
the drift-diffusion and generation-recombination (GR) mechanisms, respectively. The diode ideality factor and ET obtained from each 
region are presented in Fig. 6(a)-(c). 

Across all our LEDs with varying QW periods, a region I is characterized by a high ideality factor, with a value of n ≈ 7 at 78 K. As 
the temperature increases gradually, n decreases to n ≈ 3 at 300 K. The unrealistically high ideality factor in LEDs is associated with 
trap-assisted tunneling (TAT) current [21]. The potential barriers for these tunneling events inferred from the ET. Interestingly, the 
extracted ET for all LEDs exhibits a temperature-insensitive value of ≈40 meV. This value is close to the calculated conduction band 
offset (92 meV) of the QWs, suggesting that the primary tunneling entity may be the escape of electrons through the conduction band 
barrier assigned by interface localization traps. In region II, the ideality factor is significantly smaller compared to the region I. ET also 
exhibited a lower value of 15–30 meV. In this region, the TAT current is suppressed by the GR current. In region III, the series resistance 
is dominant, as evidenced by the linear J-V relationship (shown in Fig. 5). 

Fig. 7(a) shows the electroluminescence (EL) spectra of the LEDs measured at 15 K with an excitation current density of 1 A/cm2. 
Two emission bands were observed with Gaussian decay positions at 541 meV/594 meV, 548 meV/590 meV, and 537 meV/593 meV 
for the 6, 15, and 30 QWs LED, respectively. 

To understand the radiative recombination mechanism, we conducted quantum simulations using Nextnano to calculate the optical 
transition energy. Our results revealed only one electron-confined state (e1), with an optical transition energy to the first hole-confined 
state (h1) of ΔEe1-h1 = 595 meV at 15 K. Therefore, due to the similarity in energy, we assigned the higher energy peak to a free exciton 
(FE) transition. 

In previous studies, multi-band emission behavior at low temperatures has been observed in III-V MQW systems [22–24]. Nar-
ukama et al. and Poças et al. suggested that composition inhomogeneities and/or interfacial roughness cause potential fluctuations in 
the well, creating localization traps near the excitonic density of states’ band tails [22,23]. Excited carriers can relax into these 
localization traps via phonon emission and recombine radiatively to produce lower energy emission bands adjacent to the main 
emission band. Therefore, the lower energy peak is attributed to the localized exciton (LE) transitions. The LE/FE ratio was calculated 
to be 0.96 and 0.97 for the 6 and 15 QWs LED, indicating a similar density of potential localizations. Interestingly, the LE/FE ratio for 
the 30 QWs LED was calculated to be higher at 1.49. This increase is expected because our structural analysis (Figs. 3 and 4) showed 
that the 30 QWs LED degraded the epitaxial film quality, resulting in a higher density of localization traps. 

The EL spectra of the LEDs at 300 K are presented in Fig. 7(b). At this temperature, the LE and FE bands merge, resulting in a broad 
asymmetric peak. The Gaussian decomposed LE/FE peak positions are 510 meV/537 meV, 515 meV/542 meV, and 511 meV/538 meV 
for the 6, 15, and 30 QWs LED, respectively. The simulated value of ΔEe1-h1 is 526 meV at 300 K, agree well to the decomposed FE band 

Fig. 6. Extracted ideality factor and their corresponding characteristic energy of LED with: (a) 6 QWs, (b) 15 QWs and (c) 30 QWs, respectively.  
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energy value. As the temperature increases, the localized carriers become thermally excited and move to higher energy states, leading 
to a band-filling blue shift. This effect competes with the bandgap shrinkage red-shift in the emission energy [23,24]. Since the 
localization potential confinement is smaller than the well/barrier confinement, the LE band exhibits a more band-filling blue shift 
compared to the FE band. Consequently, from 15 K to 300 K, the LE band exhibits a smaller net red shift (26–31 meV) compared to the 
FE band (48–55 meV). 

Looking closely at Fig. 7(b), it is evident that the EL intensity does not increase proportionally with QW periods. The 15 QWs LED 
shows a 1.38-fold increase in integrated EL intensity at 300 K compared to the 6 QWs LED, while the 30 QWs LED exhibits a 0.57-fold 
decrease in integrated EL intensity. 

For further investigation, we investigated relative external quantum efficiency (EQE, Fig. 7(c)) characteristics of our LEDs at 300 K. 
The relative EQE was calculated using equation (5): 

EQE ∼ L / J (5)  

Where L is the EL photon output and J is the injection current density [25]. The L-J relation was modeled using equation (6): 

L=αJβ (6)  

Where L is the light output, α is the pre-exponential factor, J is the injection current density, and β is the exponential factor associated 
with the recombination process [21,26]. 

The extracted β values in the low current density region are 1.44, 1.29, and 1.49 for 6, 15, and 30 QWs LED, respectively. These 
values are higher than 1, suggesting a dominance of non-radiative processes [21]. Based on our previous analysis of the forward dark 

Fig. 7. Electroluminescence spectra, recorded at (a) 15 K and (b) 300 K. (c) relative EQE versus current density.  

Fig. 8. Arrhenius plot of integrated EL intensity versus inverted temperature of LED with 6 QWs (bottom), 15 QWs (middle) and 30 QWs (top), 
respectively. 
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J-V characteristics, it is most likely that TAT is responsible for the behavior observed in the low current density region (as shown in 
Fig. 6). As the injection current increases, localized trap states become occupied, leading to a super-linear L-J dependence. Conse-
quently, the relative EQE also improves with increasing injection current. However, at high current densities, when the non-radiative 
trap states become saturated, the extracted β values decrease to 0.83, 0.50, and 0.76 for 6, 15, and 30 QWs LED, respectively. As a 
result, the EQE will eventually reach a maximum value and then start to decrease. Interestingly, the 15 QWs LED achieves EQE 
saturation at J ≈ 22 A/cm2, whereas the 6 QWs LED reaches EQE saturation at J ≈ 30 A/cm2. This suggests that carrier leakage is better 
suppressed in the 15 QWs LED, likely due to the longer QWs duration. However, in the case of 30 QWs LED, a higher density of local 
traps, along with a degradation in crystal quality, can lead to an increase in non-radiative centers. As a consequence, both the light 
intensity and the saturation value of EQE decrease compared to the values observed for the 6 QWs and 15 QWs LEDs. 

To examine the thermal quenching mechanism of our LEDs, we plotted the integrated EL intensity against inverse temperature, as 
shown in Fig. 8. For this analysis, we employed the Arrhenius model, which follows equation (7): 

I(T)=
I0

1 + A exp
(

− E1
kBT

)

+ B exp
(

− E2
kBT

) (7)  

Here I(T) represents the integrated EL at temperature T, while I0 is the integrated EL at cryogenic temperature, A and B are rate 
constants, and E1 and E2 are the potential barriers for the corresponding thermal quenching process, assuming the presence of two non- 
radiative channels. The solid lines in the graph provided the best fit results, with E1 = 14.05 ± 0.82 meV/E2 = 85.30 ± 7.43 meV for 
the 6 QWs LED, E1 = 16.61 ± 1.49 meV/E2 = 83.82 ± 7.57 meV for the 15 QWs LED, and E1 = 16.98 ± 0.90 meV/E2 = 88.63 ± 7.57 
meV for the 30 QWs LED. For comparison, the dashed line represents the fit line obtained when considering only E2. 

The results indicate that non-radiative channel E1 dominates at temperatures below 200 K, while channel E2 dominates above 200 
K. Channel E1 arises from the thermionic emission of carriers from the localization trap [23,24]. When carriers possess adequate 
thermal energy, they can escape from the localization trap, rise to a higher energy state, and undergo non-radiative recombination. On 
the other hand, the value of E2 is close to the calculated conduction band offset (94 meV), suggesting that the mechanism for this 
channel is likely the escape of electrons into the energy continuum band associated with interface localization. 

4. Conclusions 

In this study, InGaAs/InAsPSb type-I MQW LEDs with 6, 15, and 30 QW periods were grown on an InAsP anionic mixed meta-
morphic buffer. Using an InAs0.3P0.65Sb0.05 quaternary barrier, the In0.83Ga0.17As/InAs0.3P0.65Sb0.05 MQWs exhibit high valence and 
conduction band offsets of 350 meV and 94 meV, respectively, enabling effective confinement of carriers within the wells. RSM 
structure characterization revealed that our LEDs exhibit a high degree of relaxation of 94–96 %. Temperature-dependent dark J-V 
characterization indicates the dark current mechanism attributed to GR and TAT, with TAT being more dominant at lower current 
injections. Furthermore, temperature-dependent EL analysis indicates that the main emission mechanism of the LED arises from 
localized exciton and free exciton recombination, with the LE/FE contribution being the highest in the 30 QWs LED due to the higher 
localization density. Therefore, increasing the QW periods from 6 to 15 enhances the 300 K EL intensity of the LED, but increasing it 
further to 30 reduces the emission intensity due to epitaxial film quality degradation. Our findings indicate that the optimal QW period 
for the e-InGaAs/InAsPSb system we have developed is 15. This study can offer valuable insights for future research and development 
of e-SWIR MQWs LED. 
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