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Abstract
In this work, we studied the controlledmicroplasma breakdown of InGaN/GaNheterostructures in
power light-emitting diodes (LEDs) prepared on various substrates (SiC, AuSn/Si, Al2O3). It was
ascertained that LEDmicroplasma characteristics are related to their functional parameters. It was
shown that nondestructive control of the critical defects and diagnostics of the InGaN/GaNpower
LEDs are possible because they are based on the following parameters ofmicroplasmas: (1) voltage of
thefirstmicroplasma; (2) current of the firstmicroplasma; (3) amount of themicroplasmas; (4)
integrated luminescence intensity of themicroplasmas; (5) ratio of the blue and yellow band
luminescence peak intensities for themicroplasmas; (6) displacement between electroluminescence
peaks for forward and reverse biases. It was ascertained that themajority ofmicroplasmas arise near
the faces of the crystallites’ grain boundaries.

1. Introduction

Today, there is a predominant tendency to fabricate light-emitting diode (LED) heterostructures based onGaN
with a large area, and to integrate them inmatrices. However, the increase of the area in the epitaxial growth
results inmore nonuniformdistribution of internalmechanical strains and extended defects. The latter
increases the probability that ‘critical’ defects will appear and thus dominate the process of worsening the
functional parameters and the reliability of the LEDs [1, 2]. Two urgent problems can arise: the express detection
and nondestructive control of these electrically active extended defects (imperfect regions) in InGaN/GaN
heterostructures of power LEDs.

In addition to variousmethods of diagnostics and reliability prognostication based on a diversity of
elemental and structural analysis techniques and different electrophysicsmethods, there also existmethods that
are effective in the nondestructive characterization and quality control of GaN (InGaN,AlGaN) structures
methods, such as local photo-, electro-, and cathode-luminescence (PL, EL, andCL) [2–5]. Also, we should note
the effectivemethod of dark lock-in thermography, because it can be applied to Si solar cells [6].

However, it is not always possible to detect critical electrically active extended defects (defect regions), which
dominantly influence the electric and luminescent functional parameters of InGaN/GaN structures.

At the same time, application of a reverse voltage to aGaN structure produces a controlledmicroplasma
(MP) breakdown that takes placemainly in the regions of extended defects and is accompanied by luminescence
[1, 4–16].MPs are localized regionswith a high current density of avalanche ionization that are formed due to
small structural defects in the depletion region. A strong electric field is created in local areas of the inversely
biased p-n junction, and thisfield is usually accompanied by luminescence. The breakdown avalanche current of
theMP is significantly inhomogeneous, with density distribution on the p-n junction area.MPs arise due to
either a local increase in electric field strength or an increase in the ionization rate coefficients.
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In recent years,MPbreakdownwas studied in variousGaN structures [1, 4–11, 14–16], but it was not
studied purposefully in power (Inom = 350…500 mA) InGaN/GaNLEDs grown on different types of substrates.
Also, the question ofMP sources is open, and these sources have not been studied in detail.

Therefore, the purpose of the paper is to study the features ofMPs in InGaN/GaN structures prepared on
various substrates fromwhich industrial-power LEDs aremade.

2. Experiment

In this work, we investigated industrial InGaN/GaNpower LEDs (Pel = 1W, Inom= 350 mA) of blue light
(λpeak = 460…470 nm). The heterostructures had an area of 1 mm2 andweremade usingMOCVD technology
on different substrates, including SiC, Al2O3, and structures grown on a sapphire substrate and carried after the
laser lift-off process [17] on the Si substrate bymeans of AuSn (eutectic) contact. The indium content in
quantumwells (QW) for all types of heterostructures was identical and equal to x = 0.2.

The EL spectra of theMPsweremeasured using the spectroradiometerHAAS—2000 (Everfine), with a large
integration time for clear detection of spectral lines. Duration of spectralmeasurements was 5 min. Current-
voltage characteristics (CVC)weremeasured using the constant current.

Table 1 summarizes and represents values such as dislocation density (ρ), lightflux (F), and the parameters
of theMPbreakdown, which are discussed below.

3. Results

Figure 1(а) shows the EL spectra ofMPs in InGaN/GaN structures at the reverse biases ofUrev =−40 V (1, 2) and
Urev =−24 V (3), and at the forward bias (the respective nominal current was 350 mA). For the structure
prepared on the Al2O3 substrate, the 40 V voltage is unattainable because a destructive breakdown takes place,
and the voltage of appearance of the firstMP,U1MP, is lower than that for two other types of LEDs. At the reverse
bias of 24 V,MPs in structures on theAuSn/Si and SiC substrates are absent. This can be explained by a higher
concentration of extended defects in the structure on theAl2O3 substrate.

In theMP spectrum, one can observe themain peak of InGaNQWswith themaximum corresponding to the
energy of the band gap,Eg, of InGaN and the shoulder near 400 nm (figure 1, spectrum 1 and 2) or the peak
(spectrum3) related toGaN layers close to theQW.The shoulderwithin the range 390–430 nmcorresponds to
recombination on donors and/or acceptors in the p- and n- GaN layers. For the structure on the sapphire
substrate, the peak intensity at 400 nm exceeds that of theQW. It is indicative of a higher concentration of donor
and acceptor levels, which are also related to defects at the InGaN/GaN interfaces, because a greatermismatch of
the lattices at the interface epitaxial layer/Al2O3 substrate results in a higher concentration of defects (threading
dislocations).

Let us introduce and consider the luminescent parameters ofMPs.During analysis, the ratio IBLUE BAND/
IYELLOW BAND is widely used. The ratio of the peak intensities for blue luminescence and yellow luminescence
bands (EL or PL) can represent the optical quality [2, 3]. The yellow luminescence ofMPs in LEDswithin the
range 2.1–2.3 eV (536 nm–590 nm) is related to the donor and deep acceptor levels caused by somepoint defects
and their complexes [2, 3]. Figure 1(a) shows that the ratio of peak intensities of the blue band (λ= 450 nm) and
at λ= 580 nm (I450 nm/I580 nm) is equal to 2 for structures on the Al2O3 substrate, 2.14 for structures on the AuSn/
Si substrate, and 3.5 for structures on the SiC substrate. The respective data is presented in table 1. For the

Table 1.Characteristics of the InGaN/GaNheterostructures andMPs.

Parameter Substrate

SiC AuSn/Si Al2O3

Dislocation density, ρ (cm−2) ∼107 ∼109 ∼109

Luminous flux,Ф (Lm) 30.6 21 15

Voltage of thefirstMP,U1MP (V) −29 −23 −18

Current of thefirstMP, J1MP (μA) −11 −35 −210

Amount of theMPs on the sur-

face (NMP)

27 54 178

Integrated EL intensity of theMP,

IMP (a.u.)

1 1.1 1.4

Ratio of the blue band and yellow

band EL, I450 nm/I580 nm

3.5 2.14 2

Displacement,ΔλMP (nm) 18 20 34
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structure on theAl2O3 substrate, the EL intensity in the yellow band is relatively higher than the intensity of the
blue band, in contrast to the other LEDs.

The integrated intensity of the EL inherent to theMP, IMP, is proportional to the reverse current [8, 9] and to
the concentration of electrically active defects. It is also related to the quality and reliability of the InGaN/GaN
structure [8, 9]. The value of IMP is lowest for the structure on the SiC substrate and highest for the structure on
the Al2O3 substrate (see table 1).

Infigure 1(a), spectrum 4 corresponds to the structure on the Al2O3 substrate at the forward bias 3.5 V and
current 350 mA (i.e., it is one of the basic parameters for LEDs). Between the peaks of spectra 3 and 4, one can see
the interval (displacement)ΔλMP= λ1–λ2. This blue shift of the EL peak of the InGaNQWduring theMP
breakdown relative to the EL peak of theQWat forward bias is related to the quantum confined Stark effect in
theQW[18, 19]. The blue shift of the peak and value of the displacement,ΔλMP, are determined by and depend
on built-in electric fields, ε ε= −E P /z z GaN 0 (figure 1(b)), that arise in theQWdue to piezoelectric (PPZ) and
spontaneous (PSP) polarizations, Pz = PSP + PPZ. Piezoelectric polarization in the vertical direction, in

accordancewith the expression ε= −P e e C C2 ( / ) ,PZ 31 33 13 33
⎡⎣ ⎤⎦ depends on the component of the strain tensor

at the interface ε= εxx = (аsubstrate–аGaN)/аGaN.Here,С13 (33) is the elastic stiffness coefficient of theGaN, and е31
(33) are the piezoelectric coefficients [18, 19].

Since the heterostructures differ only by substratematerial and indium content in theQW(x = 0.2), which
are identical for all heterostructures, the displacement,ΔλMP, depends on the value, εxx, that has the highest
meaning for the structure on the Al2O3 substrate and the lowestmeaning for the structure on the SiC substrate.

ε ε> ;GaN/SiC GaN/Al O2 3
the latticemismatch is 3.3% and 14.8% accordingly.

Being based on themeasurements of EL spectra for the forward and reverse voltages, we ascertained that the
valueΔλMP has the highestmeaning for the structure placed on the Al2O3 substrate and the lowestmeaning for
the structure on the SiC substrate. The respective data are summarized in table 1.

In addition to theMP luminescence parameters, we alsomeasured parameters of theMP such as the voltage
of appearance of the firstmicroplasma (U1MP), the current (J1MP) at which the firstMP appears, and the amount
of theMP (NMP) at certain voltages. The voltage of appearance of the firstMP is indicative of the low threshold
inherent to the defect ionization potential, which causes a large leakage current [4, 10]. The amount of luminous
MPpoints,NMP, is proportional to the concentration of dislocations [4]. Results are presented in table 1; the
adducedMPparameters were averaged forfive LEDs.One can see thatNMP and J1MP reach the highest values for
the structure on the Al2O3 substrate (much higher dislocation concentration) and the lowest values for the
structure on the SiC substrate.

In addition to these parameters of theMPs,figure 2 shows the forward and reverse CVCof the
heterostructures on various substrates. The value of a tunnel current in the subthreshold region, which is

Figure 1. (a) EL spectra of the InGaN/GaNheterostructures at the reverse bias,Urev =−40 V (1, 2),−24 V (3), and at the forward bias,
Uforw = 3.5 V, I= 350 mA (4). Substrate: (1) SiC, (2) AuSn/Si, and (3, 4) Al2O3. (b) Band diagramof the InGaN/GaNheterostructure
at the forward,Uforw, and reverse,Urev, bias.

3

Mater. Res. Express 2 (2015) 055902 VPVeleschuk et al



determined by the amount of the extended defects in the depletion region (up toUforw = 2.2 V), reaches its
maximum in the structure on the Al2O3 substrate and itsminimum in the structure on the SiC substrate (see
figure 2). The highest steepness of the forwardCVC is observed in the structure on the SiC substrate, the lowest
steepness is inherent to the structure on the Al2O3 substrate.

More pronounced differences are observed on the reverse CVC infigure 2(b): The value of the reverse
current differs practically by one order for three types of the investigated heterostructures, and this current value
is the lowest for the structures on the SiC substrate. This difference in the reverse CVCprecisely correlates with
the amount ofMPpoints,NMP (see table 1), because extended defects in the depletion region (sources ofMP)
increase reverse (leakage) and subthreshold currents [11, 20, 21]. It is known that the ratio of the reverse current
of two LEDs is proportional to the square of the dislocation densities responsible for the leakage current [20].
The ratio of the current infigure 2 is close to J1/J2 = J2/J3 = 20. The ratio of theNМP1/NМP2 = 3.3,NМP2/NМP3 = 2.

To date, the problemof the nature ofMPs in epitaxial structures based onGaN and InGaNAlGaN solid
solutions is not solved. Sources of theMP in such structures are considered to be threading dislocations
[4, 5, 10, 11], clusters of dislocations [1], so-called ‘V-shaped defects’ [5], or high electric field regions caused by
metal contact anomalies [8, 9].

As it was revealed,MPs appear and are clearly pronounced at the grain boundaries of theGaN crystallites,
and as it is well known, the grain boundaries are characterized by an enhanced dislocation density. The image of
theMPs in the InGaN/GaN structure on the sapphire substrate atUrev =−30 V is shown infigure 3. In addition,
a selected crystallite of 180 μmis shown, too. Two smaller crystallites are also selected (at the top part). In
general, parts of theMPs infigure 3 form lines of the hexagonal structures of crystallites over thewhole surface.

AtGaN filmMOCVDepitaxial growth on the sapphire substrate, hexagonal crystallites are formedwith
various orientations in the plane of the substrate, with sizes ranging fromone to tenmicrometers. The film has a
mosaic structure [18, 22].

Figure 2.CVCof the InGaN/GaNheterostructures for the (a) forward and (b) reverse bias voltages. (1)On theAl2O3, (2) on the
AuSn/Si, and (3) on the SiC substrates.

Figure 3.MPs in the InGaN/GaN structure on the sapphire substrate atUrev =−30 V, Іrev = 10.8 mА.
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It was ascertained thatmostMPs arising near the faces of crystallites are located on the crystallites’ grain
boundaries and appear (switch-on) already atUrev =−18…20 V (i.e., they are the low-voltage). Therefore, these
MP sources with the lowest switching voltage can be considered to be critical defects.

4.Discussion

As it follows from table 1 andfigures 1 and 2, among the three types of investigated LEDs, the heterostructure on
the SiC substrate has the lowest density of dislocations (ρ) and the highest value offlux (Ф),maximal values of
theU1MP, I450/I580, CVC steepness and theminimal values of J1MP,NMP, IMP andΔλMP, aswell as the lowest
values of a tunnel current on forwardCVC curve, and especially leakage current on the reverse CVC.On the
contrary, the heterostructure on the Al2O3 substrate has the highest ρ and the lowest values offlux (Ф),U1MP,
I450/I580, CVC steepness, while parameters J1MP,NMP, IMP andΔλMP have the highest values. Tunnel and leakage
currents at the heterostructure on the Al2O3 substrate also have the highest values. The heterostructure on the
AuSn/Si substrate hasmean values of all the previouslymentioned parameters. It has the better parameters than
the structure on the Al2O3 substrate, because the laser lift-off process was used [17]. In this case, after separation
of the structure fromAl2O3 and transfer onto the SiC substrate by using AuSn eutectics, internalmechanical
strains are partially relaxed.

Thus, for the structure on the Al2O3 substrate, the parameters ofMPs are themost critical among three types
of the investigated LEDs. In addition, the EL peak of theMP in the range near 400 nm,which is related to the
energy levels on account of defects inGaN, is observed. Also, displacementΔλMP between the EL peak of theQW
at forward and reverse biases for this structure reaches itsmaximum,which indicates the greater (integrated)
value of the internalmechanical strains.

It ensues from the obtained data that the parameters ofMPs summarized in table 1 are related to the
luminescent and electric parameters of InGaN/GaNLEDs at the forward (including nominal) bias. For example,
at the lowest voltage ofMP appearingU1MP and greater currents (both for thefirstMP, J1MP, and for all reverse
CVC), the lightflux is less and the dislocation density is large. This result is confirmed by results from [8, 9]. A
difference in theMP effects between theAl2O3 and SiC substrates is observed by us in [7]. Large leakage currents
caused by critical defects lead to faster degradation of LEDs during long-term operation [11].

Thus, the aboveMPparameters can provide nondestructive express testing of the critical defect regions in
the InGaN/GaNheterostructures and additional qualitative control of power LEDs.Quality control is offered
forGaNLEDs [7–9], Si solar cells [6, 12], andGaAsP diodes [13].

5. Conclusions

It was shown that nondestructive express testing of the critical defects and diagnostics of the InGaN/GaNpower
LEDs is possible based on the following parameters ofMPs: (1) voltage of the firstMP,U1MP; (2) current of the
firstMP, J1MP; (3) amount of theMPs,NMP; (4) integrated luminescence intensity ofMPs, IMP; (5) ratio of the
blue and yellow band luminescence peak intensities forMPs, IBLUE BAND/IYELLOW BAND; (6) displacement
between electroluminescence peaks for forward and reverse biases,ΔλMP, due to the quantum confined Stark
effect.

The luminescent and electric parameters of theMPs for InGaN/GaNpower LEDs are related to the InGaN/
GaN functional parameters. It is ascertained that among these three investigated heterostructures on the
different substrates (SiC, AuSn/Si, Al2O3), the heterostructure on the SiC substrate has the best quality and the
best functional parameters, in contrast to the heterostructure on the sapphire substrate, which has the highest
amount of critical defects.

It was established that the sources ofMPs in the InGaN/GaNheterostructures of power LEDs inmost cases
are corresponding extended defects at the grain boundaries of GaN crystallites.
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