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Abstract
We report on the leakage currentmechanism in a blueGaN-based light-emitting diode (LED). The
device structure was grown by theMOCVD technique on a sapphire substrate. The LEDwas
characterized through variousmeasurements including current-voltage, electroluminescence, and
secondary ionmass spectroscopy (SIMS). Capacitance-voltagemeasurements were employed to
calculate the depletion layer thickness at different bias voltages and to analyze the doping profile in the
active layer. The reverse temperature-dependent current-voltagemeasurements were carried out to
study the leakagemechanism. The leakage currentwas explained by phonon-assisted tunneling of
charge carriers through deep trap states. The trap energy and density of states were extracted from the
application of the introducedmodel. Cathodoluminescencemeasurements were performed to
evaluate the density of dislocations, whichwere then compared to x-ray diffractionmeasurements.
The determined valuewas close to the density of states obtained from the tunnelingmodel.

1. Introduction

GaN-basedmaterials are III/Vgroup direct bandgap semiconductors used in optoelectronic devices, such as
light-emitting diodes (LEDs). Studies on the leakage currentmechanism of these devices are of particular
importance due to their immense potential to further increase reliability and energy efficiency, especially when
reducing the size of the devices. GaN technology still faces a problem: the absence of cost-effective bulk
substrates for homoepitaxy.Most of theGaN layer growth is conducted on thermal coefficient and lattice-
mismatched substrates such as sapphire, silicon, or SiC [1]. This leads to the presence of imperfections inside the
crystal including extended defects such as various types of dislocations. The extended defects, particularly
threading dislocations, can propagate throughout the entire structure of the device, creating spatially closed
defect states [2]. These defects are responsible for the leakage current in the space charge region of the p–n
junction [3]. Studies show that the carrier transportmechanism is dominated by tunneling through the deep
defect states within the band gap. Reverse [4–7] or low current direct [8, 9] temperature-dependent current-
voltagemeasurements are usually performed to analyze the leakagemechanism.

Recently, various attempts have beenmade tomodel reverse leakage currents inGaN-based structures,
employingmechanisms such as the Pool-Frenkel effect and trap-assisted tunneling [10, 11]. However, these
models exhibit limitations in the two key areas:matching experimental data across a wide temperature range,
and establishing a strong relationship between the extracted parameters and the crystalline quality of GaN-based
materials.

In contrast, the phonon-assisted tunnelingmodel, introduced by P. Pipinys et al [12], has demonstrated
good agreement with the reverse current-voltage characteristics of the nGaNSchottky diode structure
across a wide temperature range. Efforts have also beenmade to apply thismodel for the explanation leakage
currents in highmobility transistors (HEMTs) [13]. In our current study, we investigate the applicability of this
model to amore complex LEDdevice structure.We conduct a detailed current-voltage, electro-
luminescence characterization of the as-grown LEDdevice. The second ionmass spectroscopy (SIMS) and
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capacitance-voltage (CV)measurements we performed to analyze the doping concentration, focusing on the
active layer of LED.Wehave demonstrated that the density of defect states extracted from reverse current-
voltage characteristics at different temperatures can be directly related to the density of threading dislocations.
The threading dislocation density wasmeasured bymeans of cathodoluminescence and further validated
throughXRD analysis in the current paper.

2. Experimental

Themetal face III-nitride epitaxial layers of the LEDwere grown on a c-plane sapphire substrate using an
AIXTRON (3x2)metal-organic chemical vapor deposition (MOCVD) reactor. Themesa structures were
fabricated through photolithography using laserwriting equipment, followed by inductively coupled plasma
reactive ion etching (ICP-RIE) fromOxford Instruments. A gasmixture of Ar/Cl2was used for dry etching at a
rate of 5 nm/s. The ICP-RIE etched profile exhibits a steepness of around 75◦. To remove native oxide and to
minimize current leakage caused by surface imperfections after RIE, we performed anHF acid treatment on the
structures. For the contacts, we utilized e-beam-evaporatedNi/Au andTi/Aumetals forMg-doped p-type and
Si-doped n-typeGaN, respectively. Themesas of devices had dimensions of 270× 270μm2. The structure of the
LED cross-section is depicted infigure 1(a) and consists of an n-typeGaN layer, an eight-periodGaN/InGaN
superlattice (SL), afive-periodGaN/InGaNmultiple quantumwells (MQW), an n-typeGaN cap layer, an
AlGaN electron-blocking layer, and is finishedwith a p-typeGaN layer. The p-typeMg dopant, as well as the
distribution profile of III group elements determined by secondary ionmass spectroscopy (SIMS) is shown in
figure 1(b). The distribution of donor concentrationND in the vicinity of theMQWactive layer evaluated from
theflows of theMOCVDprocess is illustrated infigure 1(c) for comparisonwith the corresponding capacitance-
voltage (CV)measurement results. TheCV characterizationwas achieved usingKeithley 4200-CVUmodule,
integratedwithin theKeithley 4200-SCS Semiconductor Characterization System. Cathodoluminescence
imageswere taken at room temperature with an acceleration voltage set to 4 kV.Depending on the
magnification, the e-beamwas scanned in steps of 14-to-46 nmwith a dwell time set to 1ms. Automatic defect/
dislocation identificationwas performed using a customPython code and the Laplacian ofGaussian Blob
Detection algorithm from scikit-image library [14]. Additionally, the x-ray diffractionmethod (XRD)with aCu
Kα radiation sourcewas used to evaluate the screw-type dislocation density and to confirm the
cathodoluminescencemeasurement results.

Figure 1.Blue InGaNLED characteristics. Structure of grown LEDdevice (a).Mg dopant and III group element concentration profile
determined by SIMS.Dashed curves indicate the boundaries of corresponding layers (b). ConcentrationNCV extracted fromCV
profilemeasured at room temperature (solid curve). The dashed curve shows the Si donor concentrationND injected duringMOCVD
growth (c). Forward and reverse current-voltage curves (d). Electroluminescence at different injection currents (e). Efficiency as a
function of current (f).
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3. Results and discussion

3.1. Characterization of LEDdevice
The LED for studying leakagemechanismswas fabricatedwith an additional embedded Si-dopedGaN layer on
top of themultiple quantumwell (MQW) structure. This layer affects the band structure of the device by shifting
theMQWregion towards the n-type side of the junction, resulting in amore abrupt p–n junction. The electric
field distribution in the space charge region of such an LED structure is similar to that of aGaNp–n junction
without theMQW.

Figure 1(d) presents the forward and reverse current-voltage characteristics of the LEDmeasured at room
temperature, plotted in semi-log scale. The device exhibits good rectifying behaviour, with a reverse leakage
current as low as 10−7 A at 10V. The forward current-voltage curve is linear in semi-log scale up to 3V. The
dependence in this region can be described by Shockley’s diode equation: ( ( ))I I qV n k Texp i B0= , where I0 is
the pre-exponential factor, q is the elementary charge,V is the bias voltage, ni is the ideality factor, kB is the
Boltzmann constant, andT is the absolute temperature. According to this equation, it was found that ni= 4.6.
An ideality factor larger than 2 is a criterion for dominating tunneling in the charge transportmechanism.

Figure 1(e) displays the electroluminescencemeasurement spectra at different injection currents. The peak
maximumof the emitted light is at awavelength of 434 nm, and it remains stable over the entiremeasured
current range. This stability can be attributed to the design of the LED,whichminimizes the impact of changes in
the built-in potential on the energy levels of the states within themultiple quantumwells (MQWs)when forward
current is applied. The ratio of light emission power to electrical power, or LED efficiency, versus injection
current is presented infigure 1(f). The LED efficiency increases up to 30 mA, after which the efficiency droop
effect is observed. This phenomenon is typical for LEDdevices [15].

3.2. CVmeasurement analysis
TheCVmeasurements were performed at 1 MHzusing an altering current signal level of 15mVunder ambient
conditions at room temperature. The dopant concentration can be calculated by the following equation:

( )
( )N

q A d C dV

2

1
1CV

0
2 2ee

=

where ε and ε0 are relative and absolute dielectric constants, respectively.A is the area of the device,C is the
measured capacitance at corresponding bias voltageV. The depletionwidthW is related to capacitance as
W= εε0A/C. By employing the equationsmentioned above, the dopant concentration profiles can be
determined. Figure 1(c) displays the solid curve, which represents the CVprofile plot of the LED. Periodic
damping peaks are observed in theMQWs region, and the distance between these peaks is approximately 9 nm,
corresponding to the period of theMQWs [4, 16]. Additionally, some periodic steps can be identified in the
adjacent InGaN SL region, which is close to the periodicity 3 nmof the SL structure.

The acceptor level ofMg is deepwithin a band gap, it canmake complexes with hydrogen duringMOCVD
growth and suffers from self-compensation effect [17, 18]. A high number ofMg atoms are needed to reach
sufficient conductivity. However, when a p–n junction is formed especially in a reverse bias regime the band
bending occurs. This effect results in a change in the ionization state ofMg and leads to a high ionized acceptor
concentration in the depletion region [19]. Therefore, the p–n junction is highly asymmetric inGaN-based
material with the depletion region penetrating into the n-side of the junction. This situation is shown infigure 2
wheremodeled n-side and total depletionwidth curves are close to each other.

The total depletionwidth can be evaluated by the following equation:
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where built-in voltage (V0) is equal to 3.3V, andV is the applied reverse bias voltage. At zero bias, the depletion
width is approximately 30 nm. The curves shown infigure 2weremodeledwith donor and acceptor
concentrations at valuesND= 2 · 1018 cm−3 andNA= 4 · 1019 cm−3, respectively. TheND value corresponds
to the average donor concentration obtained fromCVdopant profile above a depletionwidth of 30 nm
(figure 1(c)). Additionally, theNA value is attributed to the averageMg dopant concentration in the p-type
electron blocking layer determined fromSIMS analysis (figure 1(e)). The curve extracted fromCV
measurements (figure 2)demonstrates good agreement with the calculated total depletionwidth values above
the reverse voltage of 5V.However, in the low voltage range, the CV curve falls below themodeled values. To
achieve a betterfit with theCV curve in the low voltage range, the dopant concentrationND should be increased
to around 3·1018 cm−3, considering that the depletionwidth (equation (2)) is inversely proportional to the
dopant concentration. The increased dopant concentration in the low voltage range coincides with theCV
profile rather than the Si dopant profile (see figure 1). It should be emphasized, that the indium concentration is
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higher in the InGaN solid solution of theMQWcompared to the SL of the produced LED. The indium-induced
defects can contribute to the higherNCV concentration observed in theMQWregion.

3.3. Interpretation of reverse leakage current
Numerous studies on the reverse leakage current of LEDs demonstrate that a high amount of energy is required
to excite trapped charge carriers from states within the band gap. This conductionmechanism can be explained
bymulti-step tunneling through these deep states. In such a case, the leakage current I is directly proportional to
the number of statesNs and the tunneling rateP:

( )I qAN P 3s=

For phonon-assisted charge carrier tunneling, the rate depends on temperatureT and electric fieldE. If the
tunneling process occurs through a triangular barrier of depth εT, the tunneling rate can be described as [12]:
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The ( ) ( )a n8 2 12wG = + represents thewidth of the center absorption bandwith a phonon distribution
function [ ( ) ( ) ]n exp k T 1B

1w= - - . The parameter a is a charge carrier-phonon interaction constant, and
ÿω is phonon energy.

The average electric field in the depletion region of the LED can be evaluated usingE= (V0− V )/W. By
substituting equation (2) into the electric field expression, one can obtain that the average internal electric field is
proportional to the square root of the total electrostatic potential, i.e., ( )E V V0~ - . This relationship, along
with the proportionality constant that includes donor and acceptor concentration values given in the inset of
figure 2, was incorporated into the tunnelingmodel tofit the experimentalmeasurements. Figure 3 displays the
current-voltage characteristics alongwith themodeling results at different temperatures. Twomain parameters,
trap energy, and density of states were varied to obtain the best fitting results.We found that trap energy can be as
high as 0.89± 0.01 eV,while density of states is equal to 4.6·108± 1.6·108 cm−2. The other parameters
remained the same as in [12], except for the effectivemass. Unlike the Schottky diode analyzed in [12], the LEDs
containGaN/AlGaNheterostructures. Therefore, the effectivemass of electrons can be as high as 0.4me [20, 21].

Figure 2.Depletionwidth dependence on the applied voltage. The solid curve represents CVmeasurements. Dash-dotted, dashed,
and dotted curves showmodeled results with corresponding donor and acceptor concentrations.
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Figure 3 demonstrates that the phonon-assisted tunnelingmodel does notfit the experimental data well
below 5V.When using the depletionwidth values extracted fromCVmeasurements and substituting them into
themodel, there is an even higher deviation in the low voltage range. For the triangular tunneling barrier
depicted infigure 4(a), the tunneling length L can be determined using the relationship qEL CT

2 3e= g , where

C 2 3
g represents the termwith variables γ inside the exponent of equation (4). The calculated tunneling length

Figure 3.Temperature dependent reverse current-voltage characteristics. Dots represent experimentalmeasurements, while solid
curvesmodel results. Parameters such as effectivemassm*= 0.4me, electron-phonon interaction constant a= 2, optical phonon
energy ÿω= 0.07 eVwere chosen to fit the trap energy εT and density of occupied statesNs.

Figure 4. Schematic diagramof phonon-assisted tunneling phenomena (a). The cathodoluminescence intensitymap excitedwith
4 keV electrons in the nGaN layer of the LED andmeasured at awavelength of 363 nm; the inset shows the spatially averaged
cathodoluminescence spectrum.
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values, obtained from this relationship, vary from5.3 nm to 4.5 nm in the range of 5-10V at room temperature.
These values are reasonable for the tunneling process. However, the high tunneling length at a lower bias voltage
can lead to a deviation from the presentedmodel.

Figure 4(b) shows the cathodoluminescence (CL) intensity distributionmapwith a peakwavelength of
363 nm. This photon emissionwavelength corresponds to the direct band gap charge carrier recombination
process inGaN. TheCLmappingwas obtained in the area of the RIE-etched LED, reaching the nGaN layer close
to the exact device under investigation. Dislocation defects inGaN are active non-radiative recombination
centers, resulting in the reduced intensity of CL. To quantify the dislocation density, we performed a numerical
analysis of the CL image, identifying the number of dark areas. Consequently, the average number of
dislocationswas found to be 4.3·108± 2.7·108 cm−2, a value very close to the density of states determined by the
phonon-assisted tunnelingmodel.

High-resolutionXRD analysis of the LED structure is shown infigure 5. TheXRD rocking curve
measurement of reflection from theGaN(0002) lattice plane revealed a full width at halfmaximum (FWHM)
equal to 332 arcseconds. According to themodel proposed byDunn andKoch [22], the density of screw-type
threading dislocations can be calculated using the equation ñ= β2/(4.36b2), whereβ is the peak broadening and
b is themagnitude of the Burgers vector. Thismodel gives a screw-type threading dislocation density value of
ñ= 2.2 · 108 cm−2. This value is in the same order ofmagnitude, although about half, of the threading
dislocation density determined by cathodoluminescence. The observedmismatchmay be due tomeasurements
of slightly different locations on the samewafer. Additionally, some other technical factors such as probing
depth, that come from the origin of these twomethods can lead to the difference observed [23].

4. Conclusions

In summary, we analyzed theCVmeasurements and IV characteristics of GaN-based LEDwith a peak
wavelength at 434 nm.We employed a phonon-assisted tunnelingmodel tofit the reverse IV experimental data
in the temperature range 296-523K. Themodel showed goodfitting results at a higher bias voltage above 5V.
The tunneling occurs from the deep-state traps of energy 0.89 eV,which are responsible for the internal leakage
current. Our findings revealed, that the density of states (4.6·108 cm−2) shows good agreementwith the number
of dislocations (4.3·108 cm−2 fromCLmeasurements and 2.2·108 cm−2 fromXRDanalysis). The formation of
dislocations during the epitaxy of LED leads to a higher density of deep traps.
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