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Abstract. The results of measurements of the threshold current of ultraviolet, blue and green
InGaN LEDs on different spectral components of the full emission spectrum are presented. It
is shown that the threshold current of long-wave components of the spectrum is greater than
the threshold current of short-wave components. The relative difference in the values of the
threshold current of the spectral components of the short-wave and long-wave wings of the
emission spectrum at the level of half the radiation power is associated with the inhomogeneous
distribution of indium concentration in the quantum well of the InGaN/GaN heterostructure
and for the studied ultraviolet LEDs is 2.8%, 4.4% for blue, 25.7% for green.
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Annorauud. IIpeacTaBieHsl pe3ylIbTaThl U3MEPEHUIA TTOPOrOBOrO TOKA VIALTPa(pUOJIETOBLIX,
roayosix 1 3eneHbX InGaN ¢cBeTOIMOMOB Ha PasHBIX CHEKTPAIBHBIX COCTABJISIONINX TTOJHOTO
criekTpa wuanydeHust. I1okasaHo, YTO IOPOTOBBEI TOK IMHHOBOJHOBBEIX COCTABJISIIOIINX
crieKTpa OoJiblle, YeM TOPOTOBBIA TOK KOPOTKOBOJHOBBIX COCTaBIAOUIMX. OTHOCUTENbHAS
pa3HULIA B 3HAYEHUAX IIOPOrOBOIO TOKA CIIEKTPAJIbHLIX KOMIIOHEHTOB KOPOTKOBOJIHOBOIO
U JUIMHHOBOJIHOBOIO KpPBUILEB CIIEKTpa W3JIyYEHUS HA YPOBHE IIOJOBUHBI MOILHOCTH
M3JIYYEHMS CBsI3aHa C HEOLHOPOLHBLIM pachpelejeHreM KOHLUEHTPALUU MHIWS B KBAaHTOBOM
ame rerepocTpykrypsl InGaN/GaN u mis ucciaeIoBaHHBIX YILTPa(UOIETOBBIX CBETOINONIOB
cocrasiseT 2,8%, misa cunero — 4,4%, nns 3emenoro — 25,7%.
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Introduction

Light-emitting InGaN/GaN heterostructures with multiple quantum wells are characterized
by a nonuniform distribution of indium in the InGaN quantum well [1] and a significantly non-
uniform distribution of defects over the volume of the active region of the heterostructure [2].
The development of methods and means for assessing the inhomogeneity of indium distribution
for the purpose of diagnostic quality control of InGaN/GaN heterostructures is an urgent task. In
[3] it is shown that the P—I characteristics measured in the range of extreme currents are sensitive
to defects in the heterostructure. The threshold current of a light-emitting heterostructure, i.e.,
the minimum current at which radiation occurs, is an informative parameter characterizing its
quality [4]. The paper presents the results of measurements of the threshold current on different
spectral components of the emission spectrum.

Objects of research and methods

Commercial LEDs based on In Ga,_ N/GaN heterostructure ultraviolet (UV) (A = 363 nm,
x=0.02), blue (A, = 465 nm, x = 0. 19) and green (A = 525 nm, x = 0.38) luminescence have
been investigated.

Emission spectra of LEDs at several values of low currents (100—1000 nA for blue and green
LEDs and 25—70 pA for UV LEDs) were measured with an Ocean Optics USB 2000 spectrome-
ter having a resolution of 1.5 nm and saved into text files. The exposure time of the optical signal
during measurements was set in the range of 100 ms—5 s. From the complete emission spectra,
components in different parts of the spectrum were programmatically separated with a step of 5
nm and the P—/ characteristic was constructed. To determine the threshold current /,, the mea-
sured P—I characteristic was approximated by a function obtained in work [5] based on the ABC
model of charge carrier recombination in a heterostructure in the range of low currents, at which
the effect of Auger recombination can be neglected, and the parameters m and ¢ of which are
related to the recombination parameters of the light-emitting structure.

P =2 (fi+29=1,)-1) . (1)

2
where m = nemV—c— is the scale factor; g = Do g is the form factor, that determines the
A 2B eV A
curvature of the characteristic; 7, is the threshold current; n _ is light extraction efficiency; 4 is Planck’s
constant; c is speed of light; A is emlssmn wavelength; e is elementary charge; Vis heterostructure active
region Volume Moy is coefficient of charge carrier injection into the active region; A and B are coeffi-
cients of nonradlatwe Shockley-Reed-Hall recombination and radiative recombination, respectively.

Results and Discussion

The results of measuring of the threshold currents of separate spectral components of the
investigated LEDs are shown in Fig. 1. For all LEDs, the threshold current of long-wavelength
components of the spectrum is greater than the threshold current of short-wavelength compo-
nents. The relative difference in the threshold current values of the spectral components of the
short-wave and long-wave wings of the emission spectrum at the level of half the emission power
is 2.8% for ultraviolet, 4.4% for blue, and 25.7% for green.

© ®posnos U.B., Panae O.A., Ceprees B.A., 2024. U3znatenn: Cankr-TleTepOyprckuii monurexHuueckuii ynusepcuter [letpa
Benukoro.

162



4 Experimental Technique and Devices

a) b) c)
Ly -1 4 Ly 1 T -1
' =S nA =
hA 08 I nA 08 = | - 08 =
18.5 s 108 1 = 45 &
- 0.6 2 0.6 - 06 F
18.0 8 106 - g 40 g
g - -
17.5 L 02 & 102 - 02 § - 028
Z 7 %
17.0 : o E 100 . 0 .z 30 . . 0o =
355 365 375 & 440 490 s 500 520 540 560 =

A, nm A, nm A, nm

Fig. 1. Results of measurements of threshold current of violet (a),
blue (b) and green (¢) LEDs in different parts of emission spectrum

To explain the obtained results, let us consider the model of the formation of the emission
spectrum of an InGaN/GaN heterostructure with a nonuniform distribution of indium, pre-
sented in [6]. According to the model, an LED can be represented by a set of parallel-connected
microdiodes that have the same parameters of wide-gap n-GaN and p-GaN emitters, but differ
from each other in the indium concentration x in quantum wells (Fig. 2).

.

x=0,15 x3=0,16  x3=0,17

Fig. 2. Electrical model of LED with inhomogeneous distribution
of indium in InGaN/GaN heterostructure quantum well [6]

The total contact resistance is connected in series with this set of microdiodes. The areas of
microdiodes (sectors, areas) S(x) with different indium content x in quantum wells can, to a first
approximation, be described by a Gaussian distribution relative to the average values x = 0.4 for
green LEDs and x = 0.2 for blue ones. At values x = 0.15—0.17, the current density is significantly
higher than at values x = 0.18—0.25. Each microdiode has a threshold voltage U, (I = 1,...,n),
which is directly proportional to the band gap width and inversely proportional to the indium
concentration x in the quantum wells. Since the difference between U, ,and U, | is a few percent,
the difference in the threshold current values /, , and [,  is due to the difference in the series
(differential) resistances of the microdiodes R: R, < R, which is consistent with the results of
modeling the current-voltage characteristics of blue LEDs based on the principle of distributing
areas with different In_contents, presented in [6].

An increase in the indium concentration x in a quantum well leads not only to the formation of
clusters, but also to an increase in the degree of inhomogeneity of its distribution [7]. The exper-
imental results presented in [8] show that at indium concentrations exceeding x = 0.1, there is a
significant increase in the inhomogeneity of its distribution, which is confirmed by the broadening
of the optical absorption edge.
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Consequently, the experimental results can be interpreted as follows: when current passes
through the heterostructure, radiative recombination first occurs in regions with lower indium
concentrations, forming the short-wavelength wing of the emission spectrum. As the current
increases, emission occurs in areas with higher concentrations of indium. The greater the inho-
mogeneity of the indium concentration in the quantum well, the greater the relative difference
in the /, values in the long- and short-wavelength components of the spectrum. The relative dif-
ference in the values of the threshold current of the spectral components of the short-wave and
long-wave wings of the emission spectrum at the level of half the emission power can be used to
indirectly estimate the degree of inhomogeneity of the indium concentration distribution in the
InGaN/GaN quantum well.

Conclusion

The paper presents the results of measurements of the threshold current of ultraviolet, blue and
green InGaN LEDs on different spectral components of the full spectrum of emission. It is shown
that the threshold current of long-wave components of the spectrum is greater than the threshold
current of short-wave components. The relative difference in the values of the threshold current
of the spectral components of the short-wave and long-wave wings of the emission spectrum at
the level of half the emission power is associated with the inhomogeneous distribution of indium
concentration in the quantum well of the InGaN/GaN heterostructure and for the investigated
ultraviolet LEDs is 2.8%, 4.4% for blue, for 25.7% green. The results obtained can be used to
develop a technique for indirectly assessing the degree of uniformity of indium distribution in
InGaN/GaN light-emitting heterostructures.
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