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Detection of hot electrons originating from an upper valley at ~1.7 eV above
the T valley in wurtzite GaN using electron emission spectroscopy

Wan Ying Ho 1" Abdullah I. Alhassan,’ Cheyenne Lynsky,l Yi Chao Chow ®,! Daniel J. Myers,' Steven P. DenBaars ®,'-2
Shuji Nakamura,'? Jacques Peretti®,? Claude Weisbuch,'** and James S. Speck!
'Materials Department, University of California, Santa Barbara, Santa Barbara, California 93106-5050, USA
2Department of Electrical and Computer Engineering, University of California, Santa Barbara, Santa Barbara, California 93106-5050, USA
3Laboratoire de Physique de la Matiere Condensée, CNRS, Ecole Polytechnique, IP Paris, 91128 Palaiseau, France

® (Received 31 July 2022; revised 13 December 2022; accepted 14 December 2022; published 6 January 2023)

Using electron emission spectroscopy, measurement and analysis were conducted on the energy distribution
of vacuum emitted electrons from electrically driven InGaN/GaN green (peak wavelengths A ~ 515 nm) light-
emitting diodes (LEDs) with and without a prewell superlattice (SL). We report on the detection of a high-energy
upper valley at ~1.7eV above the I' valley from samples with no prewell SL. We propose that these upper
valley electrons originate predominantly from trap-assisted Auger recombination (TAAR) in green LEDs, as the
intensity of these peaks is found to have quadratic dependence on the carrier density n [see Espenlaub et al.,
J. Appl. Phys. 126, 184502 (2019)]. The high-energy upper valley peak was not observed in the sample with a
prewell SL which is attributed to gettering by the prewell SL of still unidentified impurities that act as TAAR

centers.
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I. INTRODUCTION

While advances in light-emitting diodes (LEDs) have al-
lowed their widespread use and application in the lighting
industry, the technology still faces a major limitation posed by
the “green gap” where the internal quantum efficiency (IQE)
of LEDs decreases with increasing wavelength. The origins
of the “green gap” are still under debate, with the increase
in electron-hole separation decreasing radiative rates, while
decreasing growth temperatures for the InGaN quantum wells
may result in a high density of nonradiative recombination
centers [1-4].

At the same time, it is known that addition of an
InGaN/GaN prewell superlattice (SL) will improve the per-
formance of green LEDs, though the reason for such
improvement also remains an open question. These superlat-
tices introduce V defects that have been proposed to improve
hole injection through the V-defect sidewall [5-7]. The inclu-
sion of SLs is also proposed to reduce Auger recombination
[8,9] or to reduce defects and/or dislocations [5,10]. In most of
these studies the authors correlate the prewell SL with defect
density and photo- or electroluminescence intensities, which
ultimately are only indirect measurements of the nonradiative
recombination processes.

Electron emission spectroscopy (EES) of electrons emit-
ted in vacuum enables direct measurement of hot electrons
that are generated from Auger recombination processes in
the active regions of heterostructures, including band to band
Auger [electron-electron-hole (eeh)] and trap-assisted Auger
recombination (TAAR) [electron-electron (ee)], as depicted
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in Fig. 1 [11-14]. In such experiments, electrons originating
from the active layers (darker region in Fig. 1) are injected in
the top p layer of the structure. A fraction of these electrons
survive transport towards the surface from which they exit into
vacuum due to the cesiation of the p layer into negative elec-
tron affinity (NEA). In this paper we observe hot electrons in
EES spectra that accumulate in a high-energy GaN conduction
band valley for LEDs at ~1.7 eV above the conduction band
minimum without a prewell SL and the suppression of these
hot electrons with the inclusion of a prewell SL [11-14].

II. EXPERIMENTAL DETAILS

The green LEDs presented in this work were grown
using metal-organic chemical vapor deposition (MOCVD)
and were activated at 600°C. The samples were grown
on top of a patterned sapphire substrate and an un-
intentionally doped (UID) GaN buffer layer. The sub-
sequent material consisted of an n-type GaN:Si layer
([Si] =4 x 10" cm™=3), 0 or 30 periods of n-type 5
nm IngpsGagosN/3nm GaN SL, a three-period multiple
quantum well (QW) with 3 nm Ing2,Gag7sN QW /2nm
Alp.10Gag 90N cap layer/6 nm Ing 04Gag ggN barriers), and 150
nm GaN:Mg ([Mg] =5 x 10" cm™3) with a p** contact
layer ([Mg] = 2.5 x 10?° cm™3). The epitaxial structures of
the LEDs (henceforth referred to as OSL and 30SL corre-
sponding to their SL period numbers) are shown in Fig. 2. The
use of AlGaN cap layers has been shown to improve efficiency
in longer wavelength LEDs by preventing desorption of the
indium in a QW during growth of the higher-temperature
barriers [15].

The epitaxial materials were processed in parallel into
devices suited for EES measurements. [16] The p contact
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FIG. 1. A schematic of the relevant electron energy levels, transport, recombination mechanisms, and the corresponding electron energy
distribution curves in vacuum with (1) Radiative recombination, (2) band-to-band Auger recombination, (3) trap-assisted Auger recombination
(TAAR), and (4) overflow. While three quantum wells are depicted, most of the recombination processes (1), (2) and (3) happen in the topmost
quantum well (closest to the p side of the junction) as it has the highest carrier density. The low-energy peaks are generated by thermalized
overflow or energy-relaxed hot electrons, photoemission of metal, and photoexcitation of electrons in the band-bending region (BBR) (5), both

due to the LED light.

was 30 nm Pd/300 nm Au deposited in a honeycomb pat-
tern, forming a single EES device of area 0.22mm? with
0.096 mm? exposed p-GaN comprised of an array of hexagons
with an apothem of 3.5 um separated by 3 um wide metal
strips [16]. Each of the samples was cleaned and introduced
into an ultrahigh-vacuum (UHV) EES system as described
in Ref. [11]. For each sample a submonolayer of Cs was
deposited (cesiation) using a SAES Getters cesium source.
By monitoring photoexcited electrons emitted from p-GaN
during Cs deposition, we confirmed that negative electron
affinity (NEA) was achieved [11]. EES was performed with
the devices biased under continuous wave (CW) mode for
injection currents ranging from 1 to 50 mA corresponding to
current densities J ranging from 0.45 to 22.5 A cm~2—these
current densities were chosen to be low to avoid self-heating
without sacrificing signal to noise ratio. The energy of the
emitted electrons was measured referenced to the Fermi level

10 nm p**-GaN
130 nm p-GaN
10 nm p**-GaN
6 nm Ing 0,GayosN QB
3x 2 nm Aly 10Gag ooN Cap

3 nm Ing ,,Gay 7N QW
o/ SOX{

27 nm n-GaN
5 nm n-GaN
3 nm n-Ing 04Gag gsN
n-GaN, [Si] = 4x10' cm

FIG. 2. Schematic of the epilayer stack for the LEDs discussed in
this work, grown by MOCVD (not to scale). The LEDs have different
prewell SL periods of 0 or 30 corresponding to total prewell InGaN
thicknesses of 0 and 90 nm, respectively.

of the p contact using a Comstock AC-901 spherical sector
electrostatic analyzer operated in constant pass energy mode
with an energy resolution of 40 meV [17]. With increasing
diode current, there was an increased Ohmic voltage drop
across the metal-semiconductor interface. This increased volt-
age drop shifted the measured energy of electrons emitted
from the semiconductor surface to higher values but did not
affect the Pd and Au photoemission peaks which are a result
of diode light [16,17]. This voltage shift was employed to
distinguish electrons originating from the semiconductor and
to extract bulk valley minimum values at extrapolated zero
bias.

III. RESULTS AND DISCUSSION

The corresponding J —V, external quantum efficiency
(EQE), and wavelength curves of the EES devices for the se-
ries were measured on a die with a photodetector. The results
are shown in Figs. 3(a)-3(c), with the on resistances plotted
as an inset in Fig. 3(b). The light output power (LOP) and
hence the EQE markedly increased from OSL to 30SL. The
operating voltages improved as well. Circular transmission
line measurements (CTLMs) demonstrated Ohmic contact
behavior to p-GaN for both samples, with similar specific
contact resistivities in the low 107> Qcm™2 range. Hence
the J — V trends are not a result of contact resistances and
originate from the semiconductor diode. This improvement in
resistance may be attributed to reduced injection barriers at
the sidewalls of V defects, which are more numerous in the
sample with a prewell SL [18,19]. Hence with addition of a
prewell SL the on resistance decreased. The current density at
which the quantum efficiencies of these samples reached max-
imum, J*, is lower for the sample with a prewell SL, where
J* ~22.5Acm~2 for 30SL and where J* > 450 A cm~2 for
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FIG. 3. (a) Measured EQE of OSL and 30SL devices as a function
of current density. The EQE is shown to increase significantly with
inclusion of a prewell SL. (b) Dependence of diode voltage and the
on resistances (inset) on current density. The inclusion of a prewell
SL in the epitaxial structure reduced the operating voltages and on
resistance. (c) Peak wavelength of OSL and 30SL device as a function
of current density.

OSL. The current densities of the LEDs are given by

J = JsrH + Jraa + J1AAR T+ Jeen Auger + Joverflow
= quw(Al’l + an + B,nz + CI’ZS) + Joverﬂow: (1)

where ¢ is the elemental charge, dqow is the thickness of
the active region, and n is the carrier density of the active
region. JsrH, Jrad> JTAAR> a0d Jeenauger are Shockley-Read-Hall
(SRH) recombination, radiative recombination, TAAR, and
eeh Auger recombination currents with recombination coef-
ficients A, B, B', and C, respectively. Joyerfiow correspond to
overflow currents. The carrier density for peak EQE, n* =
+/A/C, has corresponding current density J* given by

J* = qd 2A é B B/é J 2
= qaqQw C+( + )C + Joverflow- ()

Since the radiative and Auger recombination coefficients B
and C are approximately the same for the same active region
designs, i.e., for these two samples, the high values for J* are
indicative of a large A coefficient and hence high SRH rates
in these samples [20-22]. This can be attributed to the use
of InGaN barriers, which are grown at lower temperatures
than traditional GaN barriers. The overall reduction in J*
with inclusion of a prewell SL indicates a reduction of SRH
defects. The 30SL sample wavelength blueshifted as expected
when J increased due to the free-carrier screening of internal
electric field [23]. Reduced wavelength shift is observed for
the OSL sample. There, the high nonradiative recombination
rate leads to lower carrier density, thus delaying the onset of
free carrier screening of the polarization-related charges at the
QW/quantum barrier interfaces.

Let us focus on the energy distribution curves (EDCs)
from EES under different currents of the OSL sample shown
in Fig. 4(a), upper panel. The EDCs show five distinct
peaks. The first peak (O remains constant in energy with
increasing diode current and exhibits a linear correlation with
LOP, which is characteristic of photoemission (PE) from
Au of the p contacts due to LED light. [16] A low-energy
peak @ below the conduction band minimum is identified
as due to electrons originating from the band-bending region
(BBR) [process (5) in Fig. 1], photoemitted by Franz-Keldysh
processes due to LED light [14,24,25]. Electrons excited to
higher energies thermalize to the bottom of the conduction
band valleys by emitting longitudinal-optical (LO) phonons.
For peaks ®, @, and ®, the extracted high-energy thresholds
extrapolate to expected bulk valley minima at 0 mA of 3.22,
4.05, and 4.98 eV above Fermi level, respectively, as shown
in Fig. 4(b) [11,17] (see Supplemental Material for details
[26]) (see, also, Refs. [27,28] therein). These values imply
that peak @ comprises electrons originating from the I" val-
ley while peak @ originates from the first side valley (SV)
[11-14,16,17,24,29,30] The position of peak ® increases with
increasing the diode voltage and hence must originate from
the semiconductor [11,14]. In the same line of reasoning with
electrons in the first SV it is not possible to have electrons
excited ~1.7 eV above the conduction band minimum by elec-
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FIG. 4. (a) Upper panel: measured electroemission energy dis-
tribution curves (EDCs, in terms of Faraday cup current) as shown
in (a) for the OSL sample at different current densities displaying
five distinct peaks. Lower panel: differential photoemission EDCs
measured when an external 532 nm laser was incident on the sample
during LED operation (current injection), showing no significant
change for peaks of semiconductor origin and only an increase in
Au PE intensity. By extrapolating to the expected 0 mA position
as shown in (b), the peaks are assigned to be arising from © Au
photoemission, @ photoexcitation from the BBR, ® I" valley, ®
first side valley at ~ 0.9eV above I', and ® a higher-energy peak
of semiconductor origin at ~1.7 eV above I'.

tric fields in the band-bending region due to conservation of
energy; thus these electrons originated from the active region
[31]. Electrons that escaped the active region due to overflow
from the active region will only end up in the I" valley and
will mix with thermalized hot electrons [31].

Let us discuss in more detail the origin of peak ®: if it were
due to a photoexcitation process, then supplying additional
photons on top of the LED light emission should increase
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FIG. 5. The EDCs measured at 22.5Acm™2 are plotted with
intensities scaled such that the Au PE peak intensity scales with LOP
across samples. The peak identification lines (vertical dashed lines)
are only a guide (see Fig. 3(c) and the Supplemental Material [26]
for the analysis of the peak position).

the intensity of peak ®. We compared the measured OSL
EDCs with and without an external significantly brighter (than
OSL) 4.8 mW green laser of wavelength 532 nm (2.33 eV)
incident on the sample. As shown in Fig. 4(a), lower panel,
while metal photoemission increased by orders of magnitude,
there is negligible change in the semiconductor peaks. Thus,
we conclude that peak ® originates from the semiconductor
through electrical injection. As such, there are five total contri-
butions observed—from metal photoemission, excitation from
the BBR, I" valley, first side valley (SV1) at ~0.9 eV above
the I' valley, and an unidentified peak of semiconductor origin
at ~1.7eV above the I'" valley which henceforth is referred
to as the upper valley (UV2). We note that the measured
energy of UV2 is similar to a ~5.3 eV transition measured by
optical reflectivity and ellipsometry [32,33], but differs from
theoretical calculations in regard to its energy relative to the I
valley [32,34-38].

A comparison of the EDCs for both samples at
22.5 Acm™? is plotted in Fig. 5. For the 30SL sample, three
peaks were present with the peaks identified as Au PE, T’
valley, and SV1. As with the case for OSL, a low-energy
peak below the I'-valley peak is present for 30SL which is
attributed to the BBR [14,24]. Similar to previous reported
EES measurements on various blue LEDs of different epitax-
ial structures, year of growth, and sources [11-14,16,24,31],
UV2 was not observed for 30SL.

The intensities of the various peaks were obtained by fitting
superposed exponentially modified Gaussians to the EDCs
using a standard nonlinear least squares method using ORIG-
INPRO (see Supplemental Material [26] for the fit of the OSL
EDC at 22.5 A cm~?) [13]. The equation for a single peak is
given by

A l(ﬂ)z_)ﬂ L
fy =220 / 3 dy,
T —00 \/27[

X—X w

z= - —, 3)
w T
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FIG. 6. Using the square root of Au PE integrated intensity as a
proxy for carrier density n [13,14], the peak intensity dependences
of I" valley, SV1, and UV2 on /BnZ for OSL and 30SL are plotted
in (a,b), respectively. The slope of each line from bounded linear
least-square fits of the data are included. The slope of log-log plots
gives the power dependence on n and hence indicates its origins. A
slope of 2 corresponds to ee TAAR while a slope of 3 corresponds to
eeh Auger recombination.

where A, x., w are the area, center, and width of the peak,
respectively, and 7t is the exponent relaxation parameter.
[12-14] From simulations detailed in the Supplemental Ma-
terial [26] (see, also, Refs. [7,39,40] therein), we found that
the overflow current densities are low at less than 0.2%
of the injected current for both samples at all investigated
current densities, and hence will not contribute significantly
to the I'-valley peak intensities [39,41,42]. The possible
origins of the electrons detected from the semiconductor
valleys are hence ee TAAR or eeh Auger recombination
[11-14,21,24,31]. In ee TAAR an electron is captured by
a trap and the released energy excites another electron into
higher valleys. Using the square root of the Au PE peak
intensity as a proxy for carrier density n in the active region
a quantitative investigation of the peaks dependence on n can
be performed [13,14]. Since the two samples have nominally
identical active region structures, we can use the same radia-
tive recombination coefficients B for both OSL and 30SL such
that ./Au PE intensity o n. If the valley has predominant con-
tributions from ee TAAR or eeh Auger generated electrons, its
peak intensity will scale as n® or n’, respectively [12—-14]. If
the valley has mixed contributions of both, we will expect its
peak intensity to have a power dependence between 2 and 3, or
In(peak intensity) o « In(n) for a slope o where 2 < o < 3.

From the bounded least-square fits as shown in Fig. 6,
it was deduced that OSL I" valley, SV1, and UV2 have eeh
Auger, mixed eeh Auger + ee TAAR, and ee TAAR contri-
butions, respectively, while 30SL, I" valley, and SV1 have
(ee) TAAR, and mixed contribution of eeh Auger + ee TAAR,
respectively. The prominence of TAAR in these valleys is

unsurprising as the EDCs are measured in the SRH domi-
nant regime before peak EQE, where ee TAAR should be
more dominant over eeh Auger. In the case of ' valley, the
three-body dependence implies that the electrons may have
scattered from the higher-energy SV1 through intervalley
scattering. However, it is also possible for these electrons to
be excited directly by eeh Auger or ee TAAR and scattered
into the I" valley [14]. For the SV1 and UV2 peaks, the traps
involved in its generation by TAAR are most likely located at
the AlGaN cap, which was shown to generate TAAR electrons
even in a p-i-n device with an AlGaN EBL on the p side
of the junction [13,14]. These deep traps can be located at
energies lower than 1.7 eV below the GaN conduction band
minimum, thus providing enough energy for an electron to
be excited at the higher-energy position and into UVs at dif-
ferent crystal momenta because of their very localized wave
function, extended in k space. It was observed that the peak
intensity of the UV2 peak appears to saturate at higher current
or carrier densities, which may be due to saturation of the
defects involved in the TAAR events.

For the same J, the LOP (or Au PE peak intensity) is
much larger for 30SL. While the radiative and Auger recom-
bination coefficients B and C are approximately the same for
the same active region designs, as discussed prior from the
EQE peak position J*, A is much smaller for 30SL. Since
TAAR pathways scale as the trap density, as indicated by
the absence of UV2 in 30SL’s EDCs, B’ is also smaller for
30SL. Hence at the same current densities, n» must be larger
for 30SL. This leads to larger TAAR current and eeh Auger
recombination currents, corresponding to larger I" valley and
SV1 peak intensities, respectively, in the 30SL sample.

The observation that with addition of a prewell SL (i) A
decreases and (ii) total TAAR rate decreases is consistent with
the claim that prewell InGaN layers reduce the concentration
of nonradiative recombination centers in the active region
[10]. It should be noticed that, in blue LEDs, the UV2 peak
at ~1.7eV above I' is not observed in devices with thin
prewell SL as in Ref. [14] or even in devices without a prewell
SL. However, there are three major differences between the
measured sample in Ref. [14] and the green LEDs reported
here. First, the LEDs in Ref. [14] have many more quantum
wells, some of which may partially perform the same function
as the prewell SLs and, secondly, the indium content is smaller
in the blue wells. It has been proposed that the green gap was
caused, in part, by TAAR which is exacerbated by the higher
point defect density in green wells (higher In composition)
[4]. It is possible that the blue LEDs have smaller point defect
densities which can act as TAAR pathways. The reason why
UV2 is not observed in the usual blue LEDs, although its
energy level lies within reach of eeh Auger electrons, is not
identified at the moment. We speculate that it relies on an
interband Auger transition, usually forbidden for conduction
electrons near the I zone center, but which might become
allowed for highly localized TAAR centers [43]. As such,
the initial energy and momentum of the TAAR excited elec-
tron, as well as its subsequent pathway into an upper valley,
may be different from that of hot electrons generated by
three-body Auger recombination. More systematic studies of
defect-related peaks would be needed to put this on firmer
ground.

035303-5



WAN YING HO et al.

PHYSICAL REVIEW B 107, 035303 (2023)

In conclusion, we have measured hot electrons emitted
from green LEDs with and without prewell SL and quanti-
tatively analyzed their origins. We have shown that in these
green LEDs T" valley and SV1 electrons are generated by
TAAR and eeh Auger processes, while there are significant
overflow electrons contributing to the I" valley for the sample
with a prewell SL due to higher active region carrier densities
[14]. We have detected hot electrons from a higher-energy
side valley, in addition to those from the conduction band
minimum and first side valley, which is located at ~1.7eV
above the conduction band minimum. Electrons excited to
the higher-energy side valley are due to TAAR processes.
These results agree with the proposition that a prewell InGaN
suppresses defects in the active region; hence with a prewell
SL the TAAR generated UV2 peak decreased in intensity [10].
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