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The spectral characteristics of light-emitting diodes (LEDs) based on quaternary AlGaInP compounds 

incorporating quantum wells were investigated in the temperature range of 77-290 K using electrolumi-

nescence spectroscopy. At 77 K, the peak emission wavelength was max = 571 nm, while the full width at 

half maximum (FWHM) of the emission band was 9 nm. Lorentzian and Gaussian line-shape functions 

were fitted to the experimental spectra in order to analyze the dominant broadening mechanisms. It was 

found that the Lorentzian profile provides better agreement with the measured spectra, indicating the 

predominance of homogeneous broadening in the investigated structures. The dependences of the emission 

intensity and the emission peak position on the injection current at 77 K were determined. The Urbach en-

ergy was evaluated from the slope of the low-energy tail of the electroluminescence spectra, whereas the 

carrier temperature was estimated from the high-energy side using the Boltzmann distribution. The tem-

perature dependence of the Urbach energy was found to be linear, allowing the electron-phonon coupling 

coefficient to be determined as g = 0.034. The carrier temperature was shown to increase with injection 

current and to exceed the lattice (package) temperature because high-energy carriers preferentially over-

come the potential barrier in the active region. The obtained results provide insight into the recombination 

processes and spectral broadening mechanisms in AlGaInP quantum-well LEDs and may be useful for im-

proving the performance of visible-spectrum optoelectronic devices. 
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1. INTRODUCTION 
 

Modern high-efficiency AlGaInP light-emitting di-

odes (LEDs) are fabricated using quaternary solid solu-

tions of the composition (AlxGa1 – x)0.5In0.5P. Their emis-

sion wavelength can be tuned from red (max = 626 nm) 

through orange (max = 610 nm) to yellow (max = 590 nm) 

by varying the Al/Ga composition ratio x. An increase in 

“x” shifts the emission spectrum toward shorter wave-

lengths; however, at x ≈ 0.53 the material undergoes a 

transition to an indirect band-gap semiconductor, result-

ing in a significant reduction in the radiative efficiency 

for wavelengths below 570 nm [1, 2]. 

Despite the high internal quantum efficiency (IQE) 

of AlGaInP LEDs in the direct-band-gap region (ap-

proaching 100 %), their external quantum efficiency 

(EQE) remains considerably lower, typically within  

5-7 %. This reduction is mainly caused by the high 

refractive indices of the materials forming the complex 

multilayer structure and by multiple internal reflec-

tions at the interfaces. Consequently, only a narrow 

cone of emitted light escapes the device, accounting for 

approximately 10 % of the total generated radiation [3]. 

Quaternary AlGaInP materials exhibit excellent 

lattice matching with GaAs substrates, thereby mini-

mizing the formation of misfit dislocations. However, 

GaAs possesses relatively low thermal conductivity and 

limited transparency in the visible spectral range, 

which hinders both light extraction and heat dissipa-

tion. In contrast, GaP substrates are transparent, but 

the substantial lattice mismatch between AlGaInP and 

GaP leads to increased densities of threading disloca-

tions and residual strain during epitaxial growth [4]. 

Therefore, a compromise must be found between struc-

tural quality and efficient light extraction. 

The primary factors limiting the external efficiency of 

AlGaInP LEDs are non-radiative recombination process-

es and photon recycling within the active region [5]. 

The influence of self-heating effects can be partially 

compensated by operating the devices in a sub-

microsecond pulsed mode [6]. 

As demonstrated in [7], the external quantum effi-

ciency of AlGaInP LEDs decreases with decreasing 

device size due to enhanced sidewall losses, while the 

ideality factor increases from 1.47 to 1.95. Further-

more, small-sized LEDs containing five quantum wells 

(QWs) exhibit approximately 30 % higher IQE than 

devices incorporating twenty quantum wells. 
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http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.18(5).05009
https://doi.org/10.21272/jnep.18(5).05009
mailto:o.i.kyrylenko@udu.edu.ua
https://orcid.org/0000-0002-0513-5655


 

O.I. KYRYLENKO, R.M. VERNYDUB ET AL. J. NANO- ELECTRON. PHYS. 18, 05009 (2026) 

 

 

05009-2 

The development of high-quality display technolo-

gies requires efficient full-color RGB LEDs with low 

power consumption [8]. High-brightness AlGaInP mi-

cro-light-emitting diodes (LEDs) are considered prom-

ising candidates for such applications [9]. However, 

their major drawback is the large surface-to-volume 

ratio, which results in increased leakage currents. 

At present, dangling surface bonds are commonly 

compensated through surface passivation by depositing 

appropriate dielectric films on LED structures [10]. 

Red LEDs play a crucial role in generating white light. 

Compared with InGaN-based counterparts, AlGaInP LEDs 

exhibit higher brightness, narrower emission bandwidths, 

and the absence of strong polarization fields [11]. 

The degradation of AlGaInP LED characteristics is 

associated with dark-spot defects arising from metal 

diffusion from contacts, compositional fluctuations, 

recombination-enhanced defect generation, and other 

mechanisms. These degradation processes are intensi-

fied under electrothermal stress conditions. It has been 

shown that the degradation rate of optical output pow-

er in AlGaInP LEDs is lower than that observed in 

typical InGaN LEDs [12]. 

The application range of LED radiation sources ex-

tends from advanced photonic devices to everyday con-

sumer technologies [13]. Emitters based on quaternary 

compounds have found widespread use in full-color dis-

plays and are considered highly promising for next-

generation high-resolution display technologies [14-18]. 

An example of the biomedical application of Al-

GaInP LEDs is presented in [19], where a miniature 

sensor capable of real-time object detection was pro-

posed for surgical and portable medical systems. The 

integrated microsensor can detect force vectors as low 

as 1 mN within the ranges of 0 – 20 mN for normal 

forces and 0 – 15 mN for tangential forces, while occu-

pying an area of only 1.5 mm2. 

Based on the literature review presented above, the 

aim of this work was to perform a detailed analysis of 

the low-temperature emission spectra of AlGaInP 

LEDs, determine the principal optical and injection 

characteristics of their spectral lines in the tempera-

ture range 77-290 K, and evaluate the electron-phonon 

coupling coefficient. 

 

2. EXPERIMENT 
 

Spectral measurements were performed using a 

Green-Wave digital spectrometer (350 – 1150 nm, 

StellarNet, USA). The investigated samples were 

AlGaInP-based light-emitting diodes containing quan-

tum wells. The measurements were carried out in the 

temperature range of 77-290 K at a constant injection 

current of I = 20 mA. 

 

3. RESULTS AND DISCUSSION 
 

The results of optical characterization of AlGaInP 

LEDs with quantum wells are presented below. The 

peak emission wavelength at 77 K was max = 571 nm, 

while the full width at half maximum (FWHM) of the 

emission band was 9 nm (Γ = 4.5 nm). Fig. 1 shows the 

electroluminescence spectra recorded at different tem-

peratures in the range of 77-290 K under a forward 

current of I = 20 mA. 

For each spectrum, classical Lorentzian and Gauss-

ian distributions were also calculated. For spectroscopic 

applications, they can be expressed as: 
 

 𝑓𝐿(𝑥) =
1

𝜋
 

Г

(𝑥−𝑥0)2+Г2
,  

 

 𝑓𝐺(𝑥) =
1

𝜎√2∙𝜋
𝑒𝑥𝑝 {−

(𝑥−𝜇)2

2𝜎2
},  

 

where x0 denotes the spectral peak position, Г is the half-

width at half maximum (HWHM), with FWHM = 2Γ, and 

σ and μ are parameters defining the line profile. 
 

 
 

Fig. 1 – Electroluminescence spectra of AlGaInP quantum-

well LEDs measured in the temperature range 77-290 K at a 

forward current of I = 20 mA. Solid lines represent Lorentzian 

(L) and Gaussian (G) fits 
 

Lorentzian and Gaussian functions are the most 

common distributions used in optical spectroscopy. 

Under identical conditions, the Lorentzian profile ex-

hibits a sharper peak and more pronounced wings than 

the Gaussian profile. The degree of spectral line broad-

ening is characterized by its width. According to the 

Heisenberg uncertainty relation, 
 

 Δ ∙ Δ𝜏 ≈ ℏ  
 

The linewidth of an optical transition includes the so-

called natural (radiative) broadening. When the lifetime 

of the excited state is short (∆𝑡 → 0), the energy width Δ 
becomes large. Taking into account that Δ = ℏ𝜔, one 

obtains the fundamental relation of spectral analysis: 
 

 Δ ∙ 𝜏 ≅ 1  
 

States with long lifetimes 𝜏 are characterized by 

narrow spectral lines, whereas short-lived states pro-

duce broader lines. The natural linewidth is typically 

very small and is determined by the finite lifetime of 

the excited state. 

Line broadening is referred to as homogeneous when 

the spectral lines of all individual atoms or emitters 

broaden equally. Examples include natural broadening 

and collision (pressure) broadening, which originates 

from atomic collisions and is well described by the Lo-

rentzian distribution. Broadening caused by the Doppler 

effect or by atomic disorder within a crystal lattice is 

generally described by the Gaussian distribution. 

In cubic crystals, homogeneous broadening predom-

inates; therefore, Lorentzian line profiles are expected. 

The closer the crystal structure is to an ideal cubic 

lattice, the smaller the contribution of inhomogeneous 

broadening to the overall linewidth. 
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A slight discrepancy between the experimental and 

fitted spectra is observed only in the lower-energy por-

tions of the spectral lines. Toward the wings of the 

distributions, the difference between the experimental 

spectrum and both Lorentzian and Gaussian profiles 

becomes more pronounced. 

The Lorentzian function reproduces the experi-

mental line shape more accurately than the Gaussian 

function, whereas the latter decreases too rapidly and 

does not adequately reproduce the spectral wings. 

The low-energy tail of the emission spectrum can be 

described by an exponential Urbach-type dependence: 
 

 𝐼(ℎ𝜈)~exp (
ℎ𝜈−𝐸0

𝐸𝑈
), (1) 

 

where 𝐸𝑈 is the Urbach energy and 𝐸0 is a characteris-

tic energy, usually close to the band-gap energy 𝐸𝑔, 

corresponding to the inflection point of the spectrum. 

The Urbach energy (𝐸𝑈) characterizes the degree of 

structural disorder in a crystal and determines the 

width of the exponential tail of the density of states. 

Lower values of EU indicate a higher crystal quality. 

For high-quality AIII-BV semiconductor compounds 

at 300 K, typical values are: 
 

 𝐸𝑈
GaAs =  5.9 −  7.5 meV;  

 

 𝐸𝑈
InP =  7.1 meV;  

 

 𝐸𝑈
GaP =  10 −  15 meV;  

 

 𝐸𝑈
GaN =  15 −  40 meV.  

 

The 𝐸𝑈 is significantly larger in InGaN alloys, 

𝐸𝑈
InGaN =  20 −  60  meV due to alloy-composition fluc-

tuations associated with indium-rich clusters. It in-

creases with increasing indium content and may reach 

values as high as 90−100 meV [20, 21]. 

According to Eq. (1), the 𝐸𝑈 can be determined from 

the slope of the low-energy side of the emission spectrum. 

Analysis of emission spectra is particularly convenient 

because it enables the determination of this important 

parameter directly under operating conditions. 

For AlGaInP layers lattice-matched to GaAs sub-

strates, 𝐸𝑈
AlGaInP =  2 −  10 meV  at 300 K. As the alu-

minum content (x) increases, the value of 𝐸𝑈
AlGaInP also 

increases. Spontaneous ordering of atoms in the group-

III sublattice reduces the 𝐸𝑈
AlGaInP to approximately 

10−12 meV, whereas disordered alloys exhibit values of 

𝐸𝑈
AlGaInP = 18 −  25 meV. 

For the investigated samples, the temperature de-

pendence of the Urbach energy was found to be linear 

(see Fig. 2): 
 

 𝐸𝑈(𝑇) = 𝐸𝑈(0) + 𝜎 ∙ 𝑘𝑇,   
 

where 𝐸𝑈(0) is the contribution of static disorder and 𝜎 

is the electron–phonon interaction parameter that 

determines the temperature-dependent slope of the 

absorption coefficient caused by electron-phonon inter-

action [22]. The electron-phonon coupling constant is 

defined as 𝑔 =
2

3𝜎
. 

Fig. 2 shows that the slope of the 𝐸𝑈(T) dependence 

within the temperature range of 80-100 K is approxi-

mately 
5

3
10−3eV, because 𝜎 ∙ 𝐾 =

5

3
10−3eV This yields 

𝜎 = 19.33 and g = 0.034. 

Weak electron-phonon coupling (g  0.5) is charac-

teristic of conventional metallic systems, whereas larg-

er values of g are typically associated with strong elec-

tron-phonon interactions and may indicate conditions 

favorable for superconductivity. The relatively large 

value of (𝑔) obtained in this work may indicate the 

influence of ballistic carrier transport through the ac-

tive region of the LED. 
 

 
 

Fig. 2 – Temperature dependence of the Urbach energy of the 

AlGaInP LED measured at I = 20 mA (max = 590 nm) 
 

Heating of LEDs due to environmental conditions 

and current flow leads to changes in optical power 

characteristics and adversely affects the peak emis-

sion wavelength, internal efficiency, operational life-

time, and reliability. These degradation mechanisms 

are associated with accelerated dislocation migration 

and impurity diffusion, which may destroy excitonic 

recombination centers. 

One of the most accurate methods for determining 

carrier temperature (Te) is the use of a temperature 

sensor integrated directly into the LED package [25]. 

For high-power emitters, carrier temperature can also 

be estimated from temperature-dependent current–

voltage characteristics [26] or from the nonlinear volt-

age–temperature relationship [27]. 

In the present work, we employed the spectral 

method proposed in Ref. [24]. According to this ap-

proach, the recombination emission intensity follows 

the Boltzmann distribution: 
 

 𝐼𝑖𝑛𝑡~ехр [−
ℎ𝑣

𝑘𝑇𝑒
)]  

 

where Te is the carrier temperature. Therefore, the 

slope of the high-energy side of the emission spectrum 

determines the carrier temperature: 
 

 
𝑑(𝑙𝑛І𝑖𝑛𝑡)

𝑑(ℎ𝜈)
~ −

1

𝑘𝑇𝑒
.  

 

Calculations based on the spectra presented in 

Fig. 1 showed that for currents in the range of  

10-25 mA, the carrier temperature is Te =  148 K, 

whereas for currents of 30-75 mA it increases to 

Te =  195 K. Consequently, the temperature Te differ-

ences between the carriers and the package maintained 

at 77 K are Δ𝑇1 =  71 K and Δ𝑇2 =  118 K, respectively. 

The dependence of the carrier temperature Te on 

the package temperature is shown in Fig. 3. It can be 

seen that at approximately T = 95 K the carrier tem-

perature reaches a critical value for contact alloys. 
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Nevertheless, the LED retains its functional properties 

and remains suitable for repeated operation. 
 

 
 

Fig. 3 – Dependence of carrier temperature Te on the ambient 

temperature of the AlGaInP LED measured at I = 20 mA 

(max = 590 nm) 
 

The actual junction temperature is therefore expected 

to be significantly lower than Te, since the potential barri-

er is crossed preferentially by high-energy carriers. 

 

4. CONCLUSIONS 
 

It was found that, among the two classical line-

shape functions, namely the Lorentzian and Gaussian 

distributions, the Lorentzian distribution provides the 

best agreement with the experimental electrolumines-

cence spectra of AlGaInP LEDs. The temperature 

dependence of the Urbach energy of the LED active 

layer was shown to be linear. The electron-phonon 

coupling coefficient in the active-layer alloy was de-

termined from the slope of the EU(T) dependence and 

was found to be (g = 0.034). 

The carrier temperature (Te) was calculated as a 

function of the ambient temperature surrounding the 

sample. It was also established that the carrier tem-

perature exceeds the junction temperature due to the 

preferential transport of high-energy carriers across 

the potential barrier. 
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Досліджено спектральні характеристики світлодіодів (СД), виготовлених на основі четвертинних 

сполук AlGaInP із квантовими ямами, методом спектроскопії електролюмінесценції в температурному 

інтервалі 77-290 K. За температури 77 K довжина хвилі в максимумі випромінювання становила 

max = 571 нм, а повна ширина смуги випромінювання на половині максимуму (FWHM) дорівнювала 

9 нм. Для аналізу домінуючих механізмів спектрального розширення експериментальні спектри ап-

роксимовано функціями розподілу Лоренца та Гауса. Встановлено, що профіль Лоренца краще узго-

джується з експериментальними спектрами, що свідчить про переважання механізму однорідного ро-

зширення в досліджуваних структурах. Одержано залежності інтенсивності випромінювання та по-

ложення максимуму спектра від інжекційного струму за температури 77 K. Енергію Урбаха визначе-

но за нахилом низькоенергетичної частини спектрів електролюмінесценції, тоді як температуру носіїв 

заряду оцінено за нахилом їх високoенергетичної частини відповідно до розподілу Больцмана. Вста-

новлено лінійний характер температурної залежності енергії Урбаха, що дало змогу визначити кое-

фіцієнт електрон-фононної взаємодії g = 0,034. Показано, що температура носіїв зростає зі збільшен-

ням інжекційного струму та перевищує температуру кристалічної ґратки (корпусу) внаслідок перева-

жного подолання потенціального бар’єра високоенергетичними носіями в активній області. Одержані 

результати поглиблюють розуміння рекомбінаційних процесів і механізмів спектрального розширен-

ня в світлодіодах AlGaInP із квантовими ямами та можуть бути використані для підвищення ефекти-

вності оптоелектронних пристроїв видимого спектрального діапазону. 
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