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The spectral characteristics of light-emitting diodes (LEDs) based on quaternary AlGalnP 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 Amax = 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 AlGalnP 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 AlGalnP light-emitting di-
odes (LEDs) are fabricated using quaternary solid solu-
tions of the composition (Al.Gai-x)osInosP. Their emis-
sion wavelength can be tuned from red (Amax =626 nm)
through orange (Amax = 610 nm) to yellow (Amax = 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 AlGalnP materials exhibit excellent
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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 AlGalnP 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
AlGalnP 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 AlGalnP 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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The development of high-quality display technolo-
gies requires efficient full-color RGB LEDs with low
power consumption [8]. High-brightness AlGalnP mi-
cro-light-emitting diodes (WLEDs) 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 pLED structures [10].

Red LEDs play a crucial role in generating white light.
Compared with InGaN-based counterparts, AlGalnP LEDs
exhibit higher brightness, narrower emission bandwidths,
and the absence of strong polarization fields [11].

The degradation of AlGalnP 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 AlGalnP 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-
GalnP 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 mma2.

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 AlGalnP
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
AlGalnP-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 1 =20 mA.

3. RESULTS AND DISCUSSION

The results of optical characterization of AlGalnP
LEDs with quantum wells are presented below. The
peak emission wavelength at 77 K was Amax =571 nm,
while the full width at half maximum (FWHM) of the
emission band was 9 nm (I'=4.5 nm). Fig. 1 shows the
electroluminescence spectra recorded at different tem-
peratures in the range of 77-290 K under a forward
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current of 7 =20 mA.

For each spectrum, classical Lorentzian and Gauss-
ian distributions were also calculated. For spectroscopic
applications, they can be expressed as:

1 r
) =3 o

1 Ge-w)?
fo(x) = = exp {— s }

where xo denotes the spectral peak position, I is the half-

width at half maximum (HWHM), with FWHM = 2T", and
o and p are parameters defining the line profile.
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Fig. 1 — Electroluminescence spectra of AlGalnP 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,

As-At = h

The linewidth of an optical transition includes the so-
called natural (radiative) broadening. When the lifetime
of the excited state is short (At — 0), the energy width A¢
becomes large. Taking into account that A¢= Aw, one
obtains the fundamental relation of spectral analysis:

As-t=1

States with long lifetimes t 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:

hv-E,

I(hv)~exp (T)' (1)
where Ej is the Urbach energy and E, is a characteris-
tic energy, usually close to the band-gap energy E,,
corresponding to the inflection point of the spectrum.

The Urbach energy (Ey) 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 Ey indicate a higher crystal quality.

For high-quality AULBV semiconductor compounds
at 300 K, typical values are:

E,;%4 = 59 — 7.5 meV;

E;/F = 7.1 meV;

E;%F = 10 — 15 meV;

E;%N = 15 — 40 meV.

The Eyis significantly larger in InGaN alloys,
E;m%N = 20 — 60 meVdue 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 E; 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 AlGalnP layers lattice-matched to GaAs sub-
strates, E;A0P = 2 — 10 meV at 300 K. As the alu-
minum content (x) increases, the value of EUAlGaI“P also
increases. Spontaneous ordering of atoms in the group-
III sublattice reduces the E %™ to approximately
10—12 meV, whereas disordered alloys exhibit values of
E,AIGAINP — 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(o) +o0- kT,

where E;(0) is the contribution of static disorder and o
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 = %

Fig. 2 shows that the slope of the Ey;(7T) dependence
within the temperature range of 80-100 K is approxi-
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mately 210‘3eV, becauseo K = 210‘3eV This yields
o =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.
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Fig. 2 — Temperature dependence of the Urbach energy of the
AlGalInP LED measured at I = 20 mA (Amax = 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 (7e) 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:

tocep [~ 22)]

where Te is the carrier temperature. Therefore, the
slope of the high-energy side of the emission spectrum
determines the carrier temperature:

d(lnline) 1
d(hv) kT,

Calculations based on the spectra presented in
Fig. 1 showed that for currents in the range of
10-25 mA, the carrier temperature is 7Te = 148K,
whereas for currents of 30-75 mA it increases to
T. = 195K. Consequently, the temperature Te differ-
ences between the carriers and the package maintained
at 77 Kare AT; = 71K and AT, = 118K, respectively.

The dependence of the carrier temperature 7. on
the package temperature is shown in Fig. 3. It can be
seen that at approximately 7'=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.
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Fig. 3 — Dependence of carrier temperature Te on the ambient
temperature of the AlGalnP LED measured at I=20 mA
(Amax = 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.
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TemneparypHo-3aieskHi cnekTpasibHi xapakrepuctuku ceitiaogionais AlGalnP 3 ksauToBuMu
AMaMu

O.1. Kupunenro! ¥, P.M. Bepuuny6?!, T.M. 3aropogua2, II.I1. Crparinar3, B.II. Tapraunnk!3

1 Vrpaincokuti 0eporcasruii ynisepcumem imerni Muxatina Ipazomarnosa, 02000 Kuis, Ykpaina
2 Cymcoruli Oepocasruil yrigepcumem, 40000 Cymu, Yrpaina
3 ITnemumym saodeprux dociodxcerns, Hayionanvroi akademii nayrx Yrpainu, 02000 Kuis, Ykpaina

JocmimxeHo criekTpasibHi Xapakrepuctuku cBiTiiomiomis (CII), BUTOTOBIEHHX HA OCHOBI YeTBEPTUHHUX
crrostyk AlGalnP i3 kBaHTOBMMY SIMaMU, METOIOM CHEKTPOCKOII] €JIEKTPOIIOMIHECIIEHIIIl B TEMIIEPaTyPHOMY
imrepBasi 77-290 K. 3a temmeparypu 77 K moBskrHA XBHMJII B MAKCHMyMi BHUIIPOMIHIOBAHHS CTAHOBHJIA
Amax =571 HM, a TIOBHA IIMPHUHA CMYTH BAMPOMIHIOBAHHSA Ha mosoBuHl Makcumymy (FWHM) nopiBaoBaa
9 uMm. Jaa aHami3y JOMIHYIOUMX MEXaHI3MIB CIEKTPAJIBLHOIO PO3IMIMPEHHS eKCIIePUMEHTAJIbHI CIIeKTPH all-
poKcuMoOBaHO pyHKIISME poamnomiiay Jlopewuma ta 'ayca. Beranosseno, 1o mpodisis JlopeHiia kparie yaro-
JIBKY€ETHCS 3 eKCIIEPUMEHTAIBHIME CIIEKTPAMH, III0 CBIIYNTH IIPO IIEPeBAKAHHS MEXaHI3My OJHOPIIHOTO Po-
3IIUPEHHS B JOC/TIKYBAHUX CTPYKTypax. OmepskaHo 3ajIeyKHOCTI 1HTEHCHBHOCTI BAIIPOMIHIOBAHHS Ta II0-
JIOYKEHHSI MAaKCHUMyMYy CIIEKTPa BiI IHKEKITIMHOro cTpyMmy 3a Temmepatypu 77 K. Exeprio Ypbaxa Busuaue-
HO 3a HaXWUJIOM HHU3bKOEHEPTeTUYIHOI YACTUHU CIIEKTPIB eJIEKTPOIIOMIHECIIEHITI], TO/] SIK TeMIIepaTypy HOCIiB
3apsAay OIHEHO 3a HAXWJIOM IX BHCOKOEHEPreTHYHOI YaCTHHH BIAMOBIIHO 10 po3momisry Bosbiivana. Bera-
HOBJIEHO JIHIMHUN XapakTep TeMIepaTypHOI 3asIe:KHOCT1 eHeprii Ypbaxa, I0 Jajo 3MOry BH3HAYUTU KOe-
dirienT esekTpoH-QoHOHHOI B3aemomii g = 0,034. [Tokasamo, 110 TeMmeparypa HOCIIB 3pocTae 31 30L/IBbIIEH-
HSM IH/KEKI[IIHOTO CTPYyMY Ta IIePEeBUIIyE TeMIIepaTypy KPUCTAIIYHOI IpaTKu (KOpILycy) BHACIIIOK IIepeBa-
SKHOTO II0/I0JIAHHS IOTEHIAIBHOro 6ap’epa BUCOKOGHEPIeTHIHMMY HOCIIME B aKTHBHIM obsacti. Onepsrani
pe3yJIbTaTH HOIVIHOJIII0Th PO3yMIHHS PEKOMOIHAIIHUX MPOIIECiB 1 MeXaHi3MiB CIIEKTPAJIFHOIO PO3IIUPEH-
Ha B cBiTsiomiogax AlGalnP i3 kBaHTOBUMEU siMaMu Ta MOXKYTh OyTH BUKOPHUCTAHI JJIs IIIBUIIEHHS eeKTH-
BHOCTI OITOEJIEKTPOHHUX IIPUCTPOIB BUAMMOIO CIEKTPAILHOTO T1alla30Hy.

Knrouogi ciosa: Ceitimogionu AlGalnP, KeanTori samu, CriekTpu estekrposominectientnii, Exepris Ypoaxa,
Temmeparypa HociiB 3apany, Enexrpon-donornHa Bsaemomisa, CuekTpaabHe PO3IIUPEHHI.
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