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ABSTRACT: Nanocathodoluminescence reveals the spectral properties of . 225 202 P 270 260

individual InGaN quantum wells in high efficiency light emitting diodes. We
observe a variation in the emission wavelength of each quantum well, in
correlation with the Si dopant concentration in the quantum barriers. This is
reproduced by band profile simulations, which reveal the reduction of the Stark
shift in the quantum wells by Si doping. We demonstrate nanocathodolumi-
nescence is a powerful technique to optimize doping in optoelectronic devices.

420 440 470
CL emission wavelength (nm)

KEYWORDS: Nanocathodoluminescence, scanning transmission electron microscopy, InGaN optoelectronics, light emitting diodes,

quantum confined Stark effect, silicon doping

High efficiency InGaN light emitting diodes (LEDs) have
superior energy efficiency compared to traditional
lighting leading to reductions in energy consumption and air
pollutants including greenhouse gases.” Modern LEDs use
multiple InGaN quantum wells (QW) with GaN quantum
barriers (QB) between the QWs to confine the carriers and
lead to high brightness devices, such as shown in Figure la.
However, a persistent challenge to the development of higher
efficiency devices is the presence of the strong polarization field
across the QWs along the GaN polar axis [0001].>* The
polarization induced internal electric fields cause spatial
separation of the electron and hole wave functions in the
QWs, ™ known as the quantum confined Stark effect (QCSE).
The QCSE results in a red-shift in the emission and reduced
radiative recombination rates thus rendering the device less
efficient. It has been proposed that the internal electric field can
be suppressed by Si doping the QBs®~® and thus improve the
device efficiency. The inclusion of a Si doped layer before the
growth of the QWs has also been reported to improve the
quantum efficiency.””'> Moreover, Kim et al."’ have theoret-
ically shown that to achieve the maximum device efficiency
requires optimization of the Si dopant concentrations through
the QWs.

To confirm the simulated properties it is crucial to resolve
the spectral properties of individual QWs and the influence of
dopants on the local emission and electric fields. However,
common luminescence characterization techniques, such as
electroluminescence (EL)'* and photoluminescence (PL),”’
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lack the spatial resolution to resolve emission from individual
QWs. Cathodoluminescence (CL) in a scanning electron
microscope (SEM) has finer spatial resolution than EL or PL
and has been employed to correlate the luminescence
characteristics with structural features. However, the spatial
resolution is several tens of nanometers,'>™'® and a further
improvement in spatial resolution is required to study the
spectral properties of individual QWs.

Recently, by performing CL in a scanning transmission
electron microscope (STEM), a CL spatial resolution of a few
nanometers has been demonstrated by Zagonel et al; an
approach referred to as nano-CL.'”?° Their nano-CL studies
on GaN/AIN quantum discs have demonstrated a blue shift
caused by quantum confinement for the first time on the same
length scale as the device structure. Since then, nano-CL has
been applied to study spectral properties of GaN quantum
dots,*! stacking faults in GaN nanocolumns,” InGaN
insertions in nanowires,””* and quasi-bulk InGaN.”® Nano-
CL is thus the only approach that can discern the local
influence of dopants on the emission properties of individual
InGaN QWs.

In this letter, we show for the first time the spectral
properties of individual InGaN QWs in LEDs and reveal the
influence of doping on the peak emission wavelength. Nano-CL
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Figure 1. (a) Electroluminescence of a sample LED structure. (b) Schematic of the LED structure along with (c) the aberration-corrected HAADF-
STEM image, with the QW/QB nomenclature and a magnified view of QW1. (d) The Si doping profile through the structures and the measured In

composition profile.

is used to resolve the QCSE shifts of individual QWs and the
suppression of the internal electric field by Si doping in
different LED designs.

For this investigation, we study LED structures (samples A,
B, and C) with varying Si dopant profiles across the active QW
and QB region. All samples were grown by metal—organic
vapor-phase epitaxy (MOVPE) and a schematic of the full
device structure is shown in Figure 1b. A 200 nm AIN buffer
layer was grown on a Si(111) substrate followed by the growth
of a 600 nm graded AlGaN for stress management.”® A 2 ym
GaN layer was grown on top of the buffer layers. Six 3.0 nm
InGaN QWs were grown separated by 14.7 nm GaN QBs. As
illustrated in Figure 1lc, scanning transmission electron
microscope (STEM) images acquired in a probe aberration-
corrected FEI Titan verifies that all QWs have uniform
thicknesses, and the inset Figure lc shows abrupt interfaces
with the QBs. The In composition of each QW was measured
by energy-dispersive X-ray spectroscopy (EDS) and confirms
all six QWs are chemically indistinguishable In,;,Gagg;N
(Figure 1d).

The Si doping profiles of each sample are summarized in
Figure 1d. The Si doping profile of sample A was optimized in
collaboration with Plessey Semiconductors, which includes a Si
doped QBO at a concentration of 5 X 10'® cm™ with the
following barriers QB1—5 doped at 1 X 10" cm™. To study
the influence of the higher QBO doping, reference sample B was
grown with constant QB doping 1 X 10" cm™ from QBO to
QBS. A second reference, sample C, was grown with 1 X 10"
cm ™ or less Si doping across the QBs.

Nano-CL experiments were performed on a JEOL 2100F
Schottky field emission gun TEM fitted with a Gatan Vulcan
CL system. Miniature elliptical mirrors are positioned above
and below the specimen to provide a light collection angle of
up to 7.2 sr. Spectral profiles were recorded by scanning a 0.2
nm electron probe across the active region. The CL, electron
energy loss spectroscopy (EELS), and high angle annular dark
field (HAADF) signals were recorded every 1 nm, to provide
simultaneous luminescent and structural information. An 80
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keV electron probe energy was used to enhance the
luminescent intensity and minimize specimen damage. The
samples were prepared by mechanical polishing followed by Ar*
ion milling at 5 keV, with a final 1 keV polish.

Figure 2 shows a spectral CL profile across the QW/QB of
sample A, along with the HAADF intensity and EELS plasmon
peak energy profiles. Non-negative matrix factorization based
multivariate analysis”’ was applied to the CL spectral line
profiles to improve the signal-to-noise ratio of the CL spectra.
A Gaussian profile was fitted to each CL spectrum along the
line profile to determine the peak emission wavelength. We
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Figure 2. CL spectral profile across the InGaN/GaN QWs of sample
A, scanned from QW1 to QW6 recorded every 1 nm, with a dwell time
of 0.5 s and 5 nm spectrometer bandpass. The simultaneously
recorded HAADF intensity profile (InGaN is higher than GaN) and
EELS plasmon peak energy position profile (InGaN is lower than
GaN) are displayed below.
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observe six distinct spectral features that relate to QW1-6,
whose positions were identified by the simultaneously recorded
HAADF intensity and EELS plasmon peak energy position
profiles (Figure 2). The spatial separation of the CL spectral
features is finer than the QW/QB period of ~18 nm, which is
significantly smaller than the resolution limit set by the carrier
diffusion length, ~100 nm for GaN and InGaN.**73° The
quantum confinement of carriers within the QW leads to the
observed improvement in CL spatial resolution."

The demonstrated fine spatial resolution of nano-CL has
shown the emission of individual QWs and revealed a variation
in the peak emission wavelength across the individual QWs of
sample A, despite being chemically and structurally identical.
We quantitatively study the variation in the emission peak
wavelength of each QW by recording 20 line profiles for
statistical reliability, scanned both from QW1 to QW6 and in
the reverse direction. The mean emission wavelength of each
QW and its variance (1—2 nm) are plotted in Figure 3 for all
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Figure 3. Mean emission wavelength and the standard deviation from
20 spectral line profiles of samples A, B, and C, superimposed on the
CL spectra from the center of each individual QW.

three samples. The normalized CL spectra at the center of each
QW are superimposed on Figure 3. We observe in reference
sample C with 10'” cm™ doping a negligible shift (<1 nm) in
the emission wavelength between QWs. This confirms that
there is no major factor other than Si doping that causes the
variation in the emission wavelength between QWs. For sample
B, as the Si doping is increased to 10'® cm™, a constant
blueshift in the emission wavelength from QW1 to QW6 is
observed. Sample A also shows a constant blueshift from QW2
to QW6, as is seen in sample B. The increased Si doping of
QBO in sample A induces a blueshift in the peak emission of
QW1 with respect to QW?2, in contrast to sample B.

To understand the correlation between the Si doping and the
variation in emission wavelengths, electronic band profile
simulations of the experimental structures are performed using
the Crosslight APSYS simulation package. Materials parameters
were taken from the text by J. Piprek.”" The band structure was
calculated using the 6 X 6 k-p method® in a finite volume
approximation. The carrier transport equations were self-
consistently computed and coupled with the Schrédinger
equation to determine the confined states in the QWs.
Schrodinger and Poisson equations were solved iteratively to
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account for the band structure deformation with carrier
redistribution. We use the literature values for the ionization
energy of Si in GaN (20 meV), as well as a 50% activation
fraction.””™*° Simulations were performed at zero bias,
corresponding to the state examined during nano-CL experi-
ments.

Figure 4a shows the simulated emission wavelengths of each
QW accurately reproduce the variations in the emission
wavelength of all three samples within the experimental errors.
The simulated electric field at the center of each QW shown in
Figure 4b shows the same trend observed in the emission
wavelength. The mitigation of the QCSE solely explains the
observed variation in emission wavelength between each QW
and reflects the difference in the local electric field at each QW.
We observe that the electric field is uniform across the QWs in
sample C with up to 10'” cm™ Si doping in the QBs. With 10'®
cm ™ Si doping introduced in samples A and B the electric field
is reduced toward QW6. An additional reduction in the electric
field of QW1 is seen in sample A, with the higher level of
doping in QBO. The additional reduction in the electric field of
QWI1 results in a more constant emission wavelength across the
QWs of sample A, with a narrower range of emission
wavelengths in contrast to sample B. Among the three
structures, sample A shows the lowest overall electric field
and strongest mitigation of the QCSE.

To understand the observed variation in emission wavelength
and electric field between QWs, the simulated band profiles,
charge concentrations, and electric field of sample A are shown
in Figure 4c—e. Figure 4d shows the polarization charges are
localized at the interfaces between the QW and QB and have
the same magnitude across all QWs as they only depend on the
QW width and composition. The Si* concentration is
significantly higher in QBO due to the increased doping
concentration there. Figure 4c shows that the conduction band
rises from QW1 to QW6 with respect to the Fermi level in
response to the QB doping and subsequent charge redis-
tribution and hence the free electron concentration decreases
from QW1 to QW6 (Figure 4d). The hole concentrations are
negligible as the Fermi level is significantly higher than the
valence band.

Figure 4e shows the electric fields induced by the
polarization charges, Si*, and the free electrons, calculated by
the integration of the respective charge concentrations over the
position along the growth axis. The electric field induced by
polarization charges is —1.55 MeV/cm in each of the six QWs.
The Si* electric field is of the opposite sign to the polarization
field and hence mitigates the field. However, the electric field of
the electrons enhances the polarization field.

The significantly higher Si* concentration in QB0 of sample
A screens the electric field of QW1 and results in the observed
blueshift of QW1 with respect to QW2. For sample B, the
doping in QBO is the same as in the subsequent QBs and hence
we do not observe a blueshift of QW1 with respect to the
subsequent QWs.

The observed reduction in the field over QW2 to QW6 of
sample A arises from the reduction in the electron populations.
The lower electron concentrations in QW3—6 do not enhance
the polarization field as greatly as QW2, which leads to the
observed gradual blueshift in the emission wavelength from
QW2 to QWB6. Likewise, the gradual blueshift from QW1 to
QW®6 seen in sample B is caused by the reduction in the
electron populations from QW1 to QW6, while Si* remains the
same for each QB. As the Si dopant level in the QBs falls below
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Figure 4. (a) Simulated variation in the emission wavelength across each QW, plotted with the experimental data. (b) Simulated variation in the
internal electric field at the center of each QW. (c) Sample A equilibrium band profile showing the conduction and valence bands along with the
ground state energy levels of the confined electron and hole states in the QW. (d) Concentration of polarization charges, electrons, and Si* dopants.
(e) Electric field due to the polarization charges, electrons, Si* dopants, and the resultant electric field.

10" cm™ in sample C the conduction band energy remains
constant across the QWs, and there is little variation in the
electron populations through the QWs. Due to the constant
electron populations through the QWs in sample C, there is no
observed variation in the emission wavelength between QWs.

In conclusion, nano-CL has revealed the spectral properties
of individual InGaN QWs and shown the mitigation of the
QCSE in commercially designed InGaN multiple QW LEDs.
We have observed variations in the emission wavelength, which
correlate with the Si doping profile. We show that increases in
the Si doping level leads to a reduction in the emission
wavelength unique to the adjacent QW. Band profile
simulations reproduce the experimental variations in the
emission wavelengths and confirm the observed reduction in
the emission wavelength is due to the mitigation of the QCSE.
The three LED designs show different mitigation of QCSE in
their QWs caused by their different doping profiles. The
optimized design shows the overall highest degree of mitigation
of the QCSE. Nano-CL can thus serve as an experimental
approach to study and refine the design of future optoelectronic
nanostructures, including the effects from doping and lead to
greater improvements in device efficiencies and functionality.
The fine spatial resolution and ability to simultaneously study
the structural properties can further aid in the understanding of
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the emission properties of a wide range of nanostructures with
quantum confinement, in the nitride community and beyond.
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