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Abstract The nature of competing processes leading to narrowing and broadening of the
electroluminescence spectra width at half maximum under the injection current in nitride
LEDs emitting at wavelengths of 270—280 nm and 530—540 nm has been studied. It was found
out that there may be local regions with disturbed stoichiometry of random alloy fluctuations,
enriched in excited defects (“deep center + local vibrations”) in nitride MQWs with random
alloy fluctuations. The capture of injected charge carriers by such defects in MQWs located in
the space charge region of the pn junction was shown to lead to their coordination rearrangement
in the lattice. This also results in a more equilibrium state of random alloy fluctuations and is
accompanied by a narrowing of the full width at half maximum electroluminescence spectrum.
However, this mechanism is a source of carrier loss that reduces the external quantum efficiency
of LEDs at the maximum. It was shown experimentally that the higher the level of disorder
in random alloy fluctuations, the lower the external quantum efficiency values. The non-
equilibrium filling of the lateral random allow fluctuation by charge carriers in MQWs located
outside the space charge region causes the broadening of the full width at half maximum
electroluminescence spectrum in LEDs. This mechanism leads to a drop in external quantum
efficiency at current densities j > 30 A/cm?.

Keywords: MQW LEDs, alloy level disorder, FWHM, random alloy fluctuation

Citation: Ivanov A.E., Chernyakov A.E., Talnishnikh N.A., Shabunina E.I., Shmidt N.M.,
Competing processes in nitride alloys in MQWs of LEDs, St. Petersburg State Polytechnical
University Journal. Physics and Mathematics. 17 (3.2) (2024) 177—181. DOI: https://doi.
org/10.18721/JPM.173.235

This is an open access article under the CCBY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

© Ivanov A.E., Chernyakov A.E., Talnishnikh N.A., Shabunina E.I., Shmidt N.M., 2024. Published by Peter the Great
St.Petersburg Polytechnic University.

177



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3.2 >
I

MaTtepuanbl KOHbepeHunm
YK 628.9.038
DOI: https://doi.org/10.18721/IPM.173.235

KoHKypupyloLiMe npoueccbl B HUTPUAHDbIX
TBEpAbIX pacTBOpax CBeToAUOA0B
C MHOX>XeCTBEHHbIMM KBAHTOBbIMM SIMaMH

A.E. MBaHoB'?F, A.E. YepHskoBs', H.A. TanbHUWHKUX',
E.N. WabyHuHa3, H.M. Wmunar?

1 Hay4HO-TEXHONOMMYECKNIA LLEHTP MUKPO3NIEKTPOHMKMN 1 CYOMUKPOHHBIX
retepocTpyktyp PAH, CaHkT-lMeTepbypr, Poccus;

2 CaHkT-eTepbyprckuin rocyapCTBEHHbIN 3NeKTPOTEXHUYECKUI YHUBEPCUTET
«J1I9TU» nm. B.U. YnbaHosa (JleHnHa), CankT-lNeTtepbypr, Poccus;

3 PU3MKO-TEXHMYECKUIA UHCTUTYT UM. A.®. Nodde PAH, CaHkT-lMeTepbypr, Poccusi
= a-e-ivano-v@yandex.ru

AnHotamms. MccienoBaHa mpupoja KOHKYPUPYIOIIMX MPOLIECCOB, MPUBOISIIMX K CY>KEHUIO
W YIIMPEHUIO IIUPUHBI CIIEKTPOB 3JIEKTPOITIOMUHECIIEHIIMMA Ha TIOJYBBICOTE TOJ ACHCTBHUEM
TOKa B HUTPWAHBIX CBETOMMOAAX, M3Tydalolmmx Ha aauHax BoiH 270—280 am m 530—540
HM. BBISICHEHO, YTO B HUTPUAHBIX C MHOXKECTBEHHBIX KBaHTOBBIX siMax (MKJI), Hapsimy co
CIy4aiiHbIMU (PIIyKTYaLMSIMKM COCTaBa, MOTYT IIPUCYTCTBOBATD JIOKAJIbHBIE 00JIACTU C HAPYILIEHHOM
CTEXMOMETPHUE COCTaBa TBEPAOrO pPacTBOpa, OOOrallleHHbIE BO30YXICHHBIMHU IedeKTaMMu.
IMokazaHo, 4YTO 3axBaT WMHXEKTHUPYEMbIX HOCHTeNeil 3apsma TakumMu nedekramum B MK,
HaXOJSIIIINXCST B 00JIaCTH O0OBEMHOTO 3apsiia p—#n TMepexojia, MPUBOIUT K UX KOOPAMHAIIMOHHON
TEepecTpoiike B pEIIeTKe, a Takke K 0ojee paBHOBECHOMY COCTOSIHMIO TBEPIOTO pacTBOpa U
COIIPOBOXIAETCS CYXEHUWEM LIMPUHBI CIIEKTpa Ha ITOJIOBUMHE BBICOThL. OJHAKO 3TOT MPOLIECC
SBJISIETCS MCTOYHUKOM IIOTepbh HOCHUTEJICH 3apsiia, CHIDKAIOIIMM BHEIIHIOK KBaHTOBYIO
3(h(GEKTUBHOCTD CBETOAMOIOB B MaKCUMyMe. DKCIEPMMEHTAJIbHO IT0KA3aHO, YTO YEM BBIIIC
YPOBEHb Pa3yNnopsiIOueHHOCTH TBEPIOrO pacTBOPa, TeEM HUXKE 3HAUYCHUs BHEIIHEH KBAaHTOBOI
9¢h(MEKTUBHOCTU. YBeJIWUEHNE IIMPUHBI CIIEKTPa CBETOAMO0B Ha IMMOJOBUHE BBICOTHI BBI3BAHO
HEpaBHOBECHBIM 3allOJIHEHUEM JIaTepaJbHBIX HEOAHOPOTHOCTEH CocTaBa TBEPAOTO PacTBOpPA
Hocutensamu 3apsima B MK, Haxongiuuxcss BHe 00JacTM OOBEMHOTO 3apsiia. DTOT Mpoliecc
BBI3BIBACT IaficHME BHEIIHEH KBaHTOBOI 3((MEKTUBHOCTU IIPU IUIOTHOCTSIX ToKa j > 30 A/cm>.

KioueBbie cioBa: CBETONMOJbI C KBAaHTOBO-pa3MEpPHOM  aKTUBHOW  00JIACTBIO,
pa3ymopsAIOuYeHHOCTh TBEPIOTO pacTBOpa, IIMpPHWHA CIIEKTpa Ha IIOJYBBICOTE, CIy4JaifHBIC
(GIYyKTyallMu cocTaBa
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Introduction

It is mentioned in the latest review [1] that insufficiently studied features of nitride-based alloy
disorder prevent the realization of potential in the creation of emitting devices with high exter-
nal quantum efficiency (EQE) in ultraviolet and green spectral range. The disorder can lead to
the existence of local areas with impaired stoichiometry. According to [2], such phenomena as a
narrowing spectra full width at half maximum (FWHM), as well as a FWHM broadening in elec-
troluminescence (EL) spectra in QWs of LEDs under the injection current can also decrease EQE
values [2]. However, the mechanisms causing these phenomena in MQWs and alloy disorder are
understood relatively poorly [1, 3]. Our study is aimed at revealing reasons for these phenomena.
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Materials and Methods

In this work, we study commercial green and UV LEDs. We also investigated blue LEDs as a
reference. These LEDs have 1 mml active area and flip-chip design. The external quantum efficiency
(EQE) of green LEDs is EQE ranging from 13% to 30% at wavelengths 530 nm. The lowest EQE
values (3—7%) are observed in UV LEDs at 270—280 nm. Referent blue LEDs emitting at 450 nm
exhibit EQE ranging from 50% to 70%. Current-voltage (/—V) characteristics of LEDs were obtained
using a KEITHLEY 6487 power source. EL spectra and EQE measurements were conducted on
LEDs at 300K, employing an Optronic Laboratories OL770-LED system with an OL ISA-670
integrating sphere. We carried out a joint analysis of changes in FWHM values and the dependence
of EQE versus the injection current of these LEDs, with additional near-field distribution of EL
parameters. Near-field was monitored by Mitutoyo optical microscope with Avantes AvaSpec-2048.
The field of view of the optical system was 536x357 pm? with the best spatial resolution of 25 pum.

To assess the level of disorder in nitride alloy of LEDs (alloy LD), we used the value A, which
evaluates the difference between the values of the threshold voltage (#,) determined from the
direct branch of the /—V characteristics and the voltage corresponding to the peak wavelength of
the study LEDs at the maximum (u,), A, = u,-u, [3, 4]. Previous studies have shown a good cor-
respondence of this value with other techniques to estimate the alloy LD in LEDs [3]. Moreover,
they found a correlation between a decrease in the values of A, and the improvement in ordering.
All the LEDs under the study were classified according to the parameter A,

Results and discussion

A study of the spectrum of green (kgeak = 530 nm) LEDs with 30% EQE in the near field at 0.2
mA and 50 mA showed that at a low injection level, local areas intensively emit with a different
peak wavelength with exceed the maximum on 4 nm of LED radiation. As the injection current
increases, the radiation intensity of these regions does not increase, which suggests that there is
some disturbed of the stoichiometry of nitride allow in these areas. At the same time, the value of
A, in these LEDs significantly exceeds the value of A, in blue LEDs, with a relatively low EQE
of 50%. Fig. 1 shows the experimental dependencies of FWHM and EQE versus the injection
current in green LEDs with different alloy LD and referent blue LEDs.

There is a correlation between decreasing EQE at maximum in MQWs located in the space
charge region (SCR) around p—n junction (curves 1 on all dependencies with decreasing values
of A)). It should be noted that in blue LEDs with 70% EQE, A, does not exceed 0.1 V, while in
green LEDs with 13% EQE, A, is 1 V. At the same time, there is a narrowing of the FWHM EL
spectra under the injection current in MQWs, located in the SCR of the p—# junction, of all LEDs
(Fig. 1, curves 2). This effect is most pronounced for LEDs with a maximum value of A, and a
minimum EQE (Fig. 1, a). It is clearly visible in Fig. 1, a that this process is accompanied by an
increase in EQE under injection current curve 2, which indicates a transition to a more equilib-
rium composition in the solid solution. Narrowing of the FWHM EL spectra under the injection
current reveals complex mechanisms of capture and recombination of charge carriers in MQWs
based on nitrides [5, 6]. Such complex processes have been studied in gallium arsenide-based solid
solutions by representations of excited defects, such as “deep center + local vibrations” [5].
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Fig. 1. Dependences of EQE (/) and FWHM (2) versus injection current in LEDs
with different alloy LD and EQE: green 0.72V, 14% (a); green 0.46V, 30% (b); 0.13 V, 50% (c)

Red lines mark the FWHM corresponding the current when the p—n junction is full open
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The possibility of the existence of such defects is due to fundamental properties of A3B5 such
as the excess elastic energy of deformed bonds of main components in the lattice, which are char-
acterized by the Huang-Rhys factor. It should be noted that the value of the Huang-Rhys factor
is higher in nitrides than in arsenides [6]. According to theoretical concepts [6], the capture of
injected charge carriers by such defects in MQWs located in the SCR region around pn junction
leads to their coordination rearrangement in the lattice and multiphonon defect recombination.
It seems that local areas with impaired stoichiometry are enriched by such defects. The observed
narrowing of the FWHM EL spectra under the injection current in MQWs reflects the mechanism
of transition of a nitride alloy in such areas to a more equilibrium state. However, this process is a
source of carrier loss, reducing the EQE of LEDs to the maximum. The results presented in Fig. 1
show that the higher the alloy LD, the lower the EQE values. Thus, the presence of local areas
with impaired stoichiometry is one of the reasons behind the low EQE in green LEDs. It seems
that this conclusion is confirmed by the study of the optical properties of UV LEDs. Indeed, the
estimated A, in UV LEDs shows values of 1.5 V, i.e., the highest among all the studied LEDs,
and the lowest EQE ~ 4—7%.

Fig. 2 shows EQE (/) and FWHM (2) dependencies versus injection current (Fig. 2, a) and
EL spectra (Fig. 2, b) in UV LEDs. A more complex FWHM dependence (curve 2) versus injec-
tion current than the LEDs shown in Fig. 1 is observed. It consists of two regions: A, = 0.13 V
and A, = 1.5 V. Analysis of the EL spectra in UV LEDs in Fig. 2, b allows us to understand the
reasons behind this complexity. The typical EL spectrum in UV LEDs in Fig. 2, b (curve ) at 1
mA demonstrates the phase separation of the alloy in the region 240—350 nm. At the same time,
a narrow peak with a maximum intensity in the region of 270—280 nm (Fig. 2, b, curve 2) does
not change the magnitude of FWHM over a current increase, while the appearance of the spec-
trum in areas with lower intensity around this peak changes with increasing current. This kind of
change in the type of spectrum with the injection level suggests that a narrow peak in the spec-
trum is caused by radiative recombination in MQW regions with an equilibrium composition, and
in the 200—270 nm and 280—350 nm ranges there are local regions with impaired stoichiometry.
Moreover, the number of such regions may significantly exceed the number of regions with an
equilibrium composition. The FWHM broadening (Fig. 1, curves 2) in MQWs located outside of
SCR is caused by the process of none-equilibrium filling of spatial random alloy fluctuations by
injected charge carriers. This process leads to a drop in EQE at j > 30 A/cm?.
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Fig. 2. Dependences of EQE (1) and FWHM (2) versus injection current of UV LEDs
(A__. =280 nm) (a) and EL spectra at 0.2 mA (/), 50 mA (2) (b)

peak

Conclusion
The presence of local areas with impaired stoichiometry was revealed when studying the near-
field distribution of self EL at small current of green LEDs with allow disorder. The processes
occurring in such areas under the influence of injection current have been clarified. A study of
competing processes leading to narrowing and broadening of FWHM in the EL spectra of green
LEDs with different allow LD showed that both processes lead to loss of injected charge carriers
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and a decrease in EQE values. At the same time, the decrease in EQE values at the maximum is
due to the presence in MQWs of the local regions with disturbed stoichiometry allow, enriched
by excited defects. The source of charge carrier losses is the process of the capture of injected
charge carriers by such defects in MQWs located in SCR of the p—n junction. UV LEDs, which
have the lowest EQE values among all the studied LEDs, have the highest values of solid solution
disorder. The results obtained suggest that one of the ways to increase the efficiency of LEDs is
to reduce the level of disordered solids. A quantitative assessment of the level of disorder in terms
of magnitude A, can be used in the development of a technology for the growth of ordered solid
solutions. The broadening of the FWHM EL spectrum of LEDs is caused by the nonequilibrium
filling of the lateral random allow fluctuation by charge carriers in MQWs located outside the
SCR. This process causes the beginning a drop in the EQE with the opening of p—n junction.
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