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Using Electron Emission Spectroscopy (EES), measurement and analysis were conducted on the energy distribution
of vacuum emitted electrons from an electrically driven InGaN/GaN commercial blue c-plane (peak wavelengths A ~
465 nm) light emitting diode (LED) with 60 nm of p-GaN on top of the active region. The signal-to-noise ratio
of semiconductor peaks are improved on the thin p-GaN LED compared to previous published data on thicker p-GaN
samples and is attributed to reduced loss of electrons en route to emission into vacuum during transit through the p-GaN.
This further proves that hot electrons are generated in the bulk region and not by light or other hot electron generation
mechanism at the surface. Using square root of the light output power (LOP) as a proxy for the active region carrier
density, n, the hot electron integrated peak intensity is shown to be proportional to n* and thus is directly attributed to a
3-body Auger process. Since there are significant Auger recombination currents even at low injection current densities,
it is expected that Auger recombination current will dominate over radiation recombination and Shockley-Read-Hall
(SRH) currents at higher current densities. This identifies Auger recombination as the dominant cause of efficiency

droop.

As the average luminous efficacy of light emitting diodes
(LEDs) has increased over the years, the energy performance
of LEDs has surpassed preceding lighting technologies such
as incandescent and fluorescent lighting. One way to re-
duce the cost per lumen hour would be to maximize the wall-
plug efficiency (WPE), where the internal quantum efficiency
(IQE), Nyua, plays a major role. 7,44 represents the number
of photons created per injected electron-hole (e-h) pair and is
known to peak at a low current density ~ 1 — 10 A cm™2. This
reduction in efficiency at higher current densities has been re-
ferred to as efficiency droop, or simply droop.

Many mechanisms have been proposed to explain this phe-
nomenon in group IlI-nitrides LEDs, some of which include
carrier escape and overshoot from the active regions, defect-
assisted tunneling, and carrier delocalization. To date, the
dominant mechanism of droop remains a topic of debate.!™
The ABC model is commonly used to describe the shape of
the IQE curve in discussions of efficiency droop. A carrier
in the quantum well can undergo either: (i) Shockley-Read-
Hall (SRH) recombination; (ii) radiative recombination; or
(iii) band-to-band Auger recombination, which scale as An,
Bn?, and Cn?® respectively for a given average carrier density,
n. However, this simplistic model does not account for other
forms of non-radiative loss, and there are uncertainties in the
fitting of the coefficient C.>6

In 2013, Iveland et al. reported direct measurements of
hot electrons from higher side valleys using Electron Emis-
sion Spectroscopy (EES) and correlated the appearance and
intensity of these hot electrons with efficiency droop.” In EES,
the energy distribution of electrons emitted from an electri-
cally driven semiconductor device, such as an LED, can be
measured. By realizing negative electron affinity (NEA) on
p-GaN through the deposition of Cs or Cs/O complexes, elec-

trons can be emitted from occupied states near the I" valley
bulk position.? While there is little ambiguity in that detection
of hot electrons can only be generated by an Auger process,
the correlation relied on the extraction of a “supplementary
current”. The supplementary current was taken as the extra
current necessary to realize the measured light output power
(LOP) when compared to the “expected” current that would
produce the same LOP in the absence of droop.” There is some
uncertainty in the procedure defining the supplementary cur-
rent on which we will improve in the present paper.

In this work, EES was performed on a commercial blue
LED with an improved EES device design for enhanced
signal-to-noise ratio.” We report on a robust method of analy-
sis that correlates droop with the generation of hot electrons.
The blue LED studied in this work was grown using metal-
organic chemical vapor deposition (MOCVD). The structure
of the epitaxial material is shown in Fig. 1.

The Seoul VioSys LED structure was grown on top of a pat-
terned sapphire substrate and an unintentionally-doped (UID)-
GaN buffer layer. The subsequent material consisted of an
n-type GaN:Si layer, 20 nm of InGaN/GaN superlattice, an 8
period multiple quantum well (QW) (InGaN QW/ AlGaN cap
layer/ GaN barrier), a 20 nm AlGaN:Mg electron blocking
layer (EBL), and finally a 40 nm GaN:Mg ([Mg]~ 2 x 10"
cm~?) with p++ contact layer ((Mg]= 102 cm3).

The epitaxial materials were processed into devices suited
for EES measurements, cleaned and introduced into the ultra-
high-vacuum (UHV) EES set-up as described elsewhere.””
The epitaxial materials were contacted with 30 nm Pd/ 300
nm Au on the p-GaN in a honeycomb pattern, forming a single
EES device of area 0.22 mm? with an array of 2257 hexagonal
open apertures with an apothem of 3.5 yum separated by 3 um
metal strips.” Negative electron affinity (NEA) was achieved
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FIG. 1. Schematic of the epi layer stack for the LED discussed in
this article, grown by Seoul VioSys.

by depositing a submonolayer of cesium (cesiation) using a
SAES cesium source and optimized by monitoring photoex-
cited electrons emitted from p-GaN.” The energy of the elec-
trons was measured with a Comstock AC-901 spherical sector
electrostatic analyzer operated in constant pass energy mode
with a resolution of 90 meV, referenced to the Fermi level of
the p contact.”® As such, with increasing current, there was an
increased ohmic voltage drop across the metal-semiconductor
interface which shifted the measured energy of electrons emit-
ted from the semiconductor surface to higher values. How-
ever, this shift did not affect the Pd and Au photoemission
peaks (which are a result of diode light).>!° The LOP of the
EES device was measured under continuous wave (CW) mode
at room temperature using a photodetector. The EQE reached
its peak value at approximately 10 A cm~2. EES was per-
formed with the device biased under pulse mode with a 5%
duty cycle and 1.7 us pulses to minimize self-heating, for in-
jection currents ranging from 1 mA to 100 mA corresponding
to current densities ranging from 0.45 A cm ™2 to 45 A cm™2.

The corresponding energy distribution curves (EDCs) from
EES under different currents are shown in Fig. 2(a), where
the EDCs for pulsed mode EES were scaled to account for
the duty cycle by multiplying with a factor of 20.” The EDCs
show four distinct peaks. Peaks with a semiconductor ori-
gin have energies that increase with the applied voltage due
to the voltage drop from p-contact to the sample surface.”:!!
The high energy thresholds (HETSs) of the peaks can be ex-
tracted from the negative parts of the derivative of the EDCs,
and equal to the extrapolated x-intercepts of the high energy
slopes.”!! The extrapolated HETs at the expected turn-on
voltage of 2.67 V should correspond to the bulk valley min-
imum as shown in Fig. 2(b).”»!! Based on the extrapolated
values, we assign the measured peaks in increasing energies
in the following order: Au PE and Pd PE (both peaks are due
to diode light),I" and first side valley at ~0.9 eV higher en-
ergy than %1% A low energy shoulder appears on I valley
at high current density, which may be ascribed to thermaliza-
tion or subbandgap PE through Franz-Keldysh absorption in
the band-bending region.” The semiconductor related peaks
are one or two orders of magnitude larger than our previous
works which employed thicker p-regions, showing significant
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FIG. 2. The EDCs, peak high energy thresholds, and integrated peak
intensities are plotted in (a) — (c) respectively. For all peaks, except
Pd PE, the integrated intensities increase with current density. The
Pd PE varied very slightly with increasing current densities but the
differences are within EDC background noise levels.



improvement in signal-to-noise ratio.”~!! This further im-
plied that hot electrons are indeed generated in the bulk region
and not by light or other hot electron generation mechanism
at the surface.

The magnitude of I" valley is higher than that of the side
valley, unlike previous reported EES spectra of commercial
LEDs with much thicker p-GaN,”*~!! but more similar to Ref.
15 where the sample had 85 nm p-GaN.!> This is notable as it
suggests that with thinner p-GaN more I valley electrons can
reach the sample surface to be emitted. In fact, the side val-
ley mainly depopulates by scattering into the I' valley since
the side valley electrons have very few recombination path-
ways due to weaker radiative recombination or SRH recom-
bination because of the larger energy difference and limited
k-extension of defects.!? In contrast, electrons in I’ valley,
whether scattered from the side valley or overflowed from the
active region, may recombine radiatively or non-radiatively
(likely the dominant mechanism) within a diffusion length.
One can then assume that the side valley depopulates less dur-
ing the transit through the p-region to the surface than the I
valley.'* Therefore, the ratio of the I valley electron popula-
tion to the side valley electron population may increase when
decreasing the p-GaN layer thickness.

Analytic fits to the EES spectra were performed by super-
posing four exponentially modified Gaussians to the four EES
peaks, respectively.'! The dependence of the integrated inten-
sities (given as a current) of the four peaks on the LED current
density are shown in Fig. 2(c). As expected, the integrated
peak intensities of Au PE, I" valley and side valley increases
with increasing current density. The Pd PE peak intensity in-
creased initially but remained almost constant at higher cur-
rent densities, a saturation that was observed in previous work
and might be due to the overlap with the peak assigned to the
subbandgap PE peak generated in the BBR electric field.’

The Au PE intensities acts like an in-situ photometer,!!
varying linearly with the LOP of the device. Since every elec-
tron in the Au PE peak must correspond to one photon emitted
by the LED, we expect both the LOP and Au PE peak in-
tensity to vary as radiative recombination rate, hence vary as
n?. Similarly, if hot electrons in the side valley originate from
eeh recombination, we expect the peak intensity to vary as n>.
Hence the side valley peak intensities should vary linearly as
Au PE peak intensity to the power of 3/2. Since the Au PE
peaks had been partially masked by Pd PE and semiconductor
peaks and hence is subject to fitting errors, a similar analysis
was repeated using LOP to the power of 3/2 and comparing
to the side valley electron intensity. A good linear fit was ob-
tained with a Pearson’s coefficient of 0.992 as shown in Fig.
3(a). The produced intercept of 0.02 nA is of the order of the
background noise in the EDCs. From the good fits, we con-
clude that the side valley electrons originate from 3-body eeh
Auger events. Interestingly, the intensity of I" valley electrons
demonstrated a partial cubic dependence of n at higher cur-
rent densities as shown in Fig. 3(b). A least square curve fit
is attempted instead where the fits are bounded to only return
positive coefficients for n> and n> terms to keep the analysis
physically viable. No n term is included as Shockley-Read-
Hall recombination is incapable of generating hot electrons.
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FIG. 3. In (a), by comparing the cube of the square root of LOP,
which is proportional to n3 with the side valley peak intensity, a
good linear correlation is obtained. In (b), it is found that the I"
valley peak intensities demonstrated a similar cubic dependence of
n. A quadratic term is required for improved fit. In (c), the ratio of
hot electrons in first side valley to electrons in I" valley is found to
increase with increasing current density, ruling out escape and over-
shoot as cause of droop.



The fit was improved significantly when a quadratic term is
included into the fit, with the norm of residuals decreasing
from 33.7 to 4.0, and intercept tending towards zero from 5.75
to 1.97 nA. While introducing a lower power term is expected
to improve fits at lower current densities, the fit is improved
even past the peak EQE in the droop regime. This n?> depen-
dence of hot electrons may be attributed to trap-assisted Auger
recombination (TAAR).!1-15.16

At the same time, the LED has an EBL in its structure,
which is expected to mitigate both escape and overshoot of
electrons from the active region.! Simulations also showed
that leakage currents are small compared to Auger currents.'”
Should either phenomenon be present, we should detect these
events as presence of I' valley electrons in the EDCs as they
will not have enough energy to reach the side valley.'” If ei-
ther were the dominant cause of droop, we would expect the
peak intensities of I" valley to increase relative to the side val-
ley peak with increasing current density. As shown in Fig.
3(c), this is not the case, strongly indicating that the rate of
increase of escape and overshoot currents with increasing cur-
rent density must be low compared to that of Auger currents
and should not cause droop. Combining this knowledge with
the carrier density dependence of I" valley electrons, it is pos-
sible that the source of detected I" valley electrons is either
by scattering of Auger electrons from the side valley, and/or
by 3-body eeh or 2-body TAAR events.' 1316 Therefore the
integrated intensity of I" valley electrons is also a good proxy
for hot carriers. Given the n° dependence of 3-body Auger
recombination, it is expected that Auger recombination cur-
rent will dominate rapidly over radiative recombination cur-
rent with increasing injected carrier density. The presence of
detected side valley electrons even at very low current densi-
ties implies that the Auger recombination current is significant
in magnitude and should lead to droop.”'? Thus, we conclude
that droop in this LED must be hence dominantly caused by
Auger recombination.

In conclusion, we have measured hot electrons from a
higher energy side valley in addition to those from the con-
duction band minimum with vastly improved semiconductor
peak signal-to-noise ratio attributed to reduced electron loss
due to use of thinner p-GaN. By integrating peaks and inves-
tigating the correlation of their intensities with the LOP, we
have proven that hot electrons originate dominantly from a
3-body event. This further confirms that efficiency droop is
dominantly caused by Auger recombination.

SUPPLEMENTARY MATERIAL

See supplementary material for analysis performed on other
commercial blue c-plane LEDs with the same method.
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