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Deep ultraviolet (UV) optical emission below 250 nm (~5eV) in semiconductors is traditionally
obtained from high aluminum containing AlGaN alloy quantum wells. It is shown here that high-
quality epitaxial ultrathin binary GaN quantum disks embedded in an AIN matrix can produce effi-
cient optical emission in the 219-235 nm (~5.7-5.3 eV) spectral range, far above the bulk bandgap
(3.4eV) of GaN. The quantum confinement energy in these heterostructures is larger than the
bandgaps of traditional semiconductors, made possible by the large band offsets. These molecular
beam epitaxy-grown extreme quantum-confinement GaN/AIN heterostructures exhibit an internal
quantum efficiency of 40% at wavelengths as short as 219 nm. These observations together with
the ability to engineer the interband optical matrix elements to control the direction of photon
emission in such binary quantum disk active regions offer unique advantages over alloy AlGaN
quantum well counterparts for the realization of deep-UV light-emitting diodes and lasers.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.5000844]

The ruggedness, portability, high-efficiency, and micro-
fabrication benefits of solid-state semiconductor light sour-
ces over conventional lamps became clear in the last decade
for visible wavelengths in the solid-state lighting revolution
and gave rise to several new applications. A similar revolu-
tion is expected in the deep-ultraviolet (UV) spectrum.
Semiconductor light sources such as Light-Emitting Diodes
(LEDs) and Lasers in the deep ultraviolet (UV) spectrum
have versatile applications in water and air purification, in
healthcare applications of bio-photonic diagnostics and ster-
ilization, in food preservation, in security and environmental
monitoring, and in industrial curing. The semiconductor
material substrate of choice for deep-UV photonic devices is
direct-bandgap AIN with an energy bandgap of ~6.02eV
(205nm)," and the active regions where photons are pro-
duced are various ternary compositional alloys of AIN with
GaN of bandgap ~3.4eV (365 nm).

For deep-UV LEDs, quantum well (QW) active regions
composed of AlGaN have been used to push the interband
optical transition to high energies.> The internal quantum effi-
ciency (IQE) in high Al containing AlGaN quantum wells
(QWs)/barrier structures is limited by the quantum confined
Stark effect (QCSE),*™® edge emission due to valence band struc-
ture re-orden'ng,g_11 combined with material defect (e.g., disloca-
tion) induced non-radiative recombination. Compositional
fluctuations of Al and Ga concentrations in ternary AlGaN alloy
layers degrade efficient optical emission in the deep-UV range'?
and together with the other effects degrade the LED efficiency.

Distinct from the alloy AlGaN layers, deep-UV emis-
sion down to 224 nm has been achieved in binary GaN/AIN
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heterostructures.'>!” As a significant advantage, the polari-
zation of the emitted photons in ultrathin GaN QWs and
quantum dots/disks (QDs) is perpendicular to the c axis,
making them propagate parallel to the c-axis; "' this surface
emission property is highly favorable for light extraction.

We recently demonstrated deep UV LEDs'® 2 emitting
as short as 232 nm by incorporating 2 monolayer (ML) thick
GaN QDs in AIN barriers. As the height of the QD reduces
and the oscillator strength increases,?’ the radiative lifetime
decreases significantly, increasing the internal quantum effi-
ciency. Shortening the emission wavelength even deeper
below 230 nm by utilizing GaN QDs embedded in AIN bar-
riers will further enable applications in sensing and toxic gas
detection applications. Tunable sub-230 nm deep-UV emis-
sion was demonstrated by molecular beam epitaxy (MBE)
growth of 2 ML GaN QDs using a modified Stranski-
Krastanov (m-SK) growth mode. ' The m-SK technique uses
thermal annealing of the 2 ML GaN quantum well structure
sandwiched between AIN barriers.?? In this letter, we present
an alternative approach to realize tunable sub-230 nm emis-
sion with higher internal quantum efficiency using the SK
growth mode of 2 ML GaN QD structures by MBE. Unlike
the earlier work based on the m-SK mode, control of the
emission wavelength is achieved by changing the Ga/N ratio
in a Nitrogen-rich growth regime that ensures dot/disk for-
mation. This SK growth mode for GaN QDs enables us to
achieve shorter wavelength (219nm with SK compared to
222 nm with m-SK) with higher internal quantum efficiency
(40% with SK compared to 36% with m-SK).

The samples studied were grown using a Veeco Gen-930
plasma assisted MBE system on 1 um thick AIN templates on
sapphire of threading dislocation density ~10'cm™2. After
standard solvent cleaning, the samples were loaded in the
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MBE chamber and outgassed for 7h at 200°C followed by
~2h at 450°C. Prior to the epitaxy of heterostructures dis-
cussed in this work, calibration growths were performed to
identify the most suitable AIN barrier thickness, the GaN
annealing time, and the growth rate for the most intense
deep-UV emission. Based on these studies, three samples con-
taining 2 ML GaN/4 nm AIN barrier heterostructures shown in
Fig. 1(a) were grown under conditions indicated in Fig. 1(b).
The substrate thermocouple temperature was 730 °C throughout
the growths, with an Al flux of 1 x 10~ Torr beam equivalent
pressure. The RF plasma power of 275 W with 1.2 sccm flow
led to an effective nitrogen BEP (Beam equivalent pressure) of
1 x 107" Torr (at a chamber pressure of ~2 x 107° Torr). The
Ga flux was varied for the three samples to change the size of
the QDs to tune the UV emission wavelength.

The active region contained 10 periods of the GaN/AIN
heterostructure grown on a 30 nm AIN buffer layer as shown
in Fig. 1(a). The 4 nm AIN barriers were grown using migra-
tion enhanced epitaxy (MEE)* to ensure a smooth heteroin-
terface between AIN and GaN by avoiding excess Al.

Because of the strong preference of Al incorporation
over Ga, an Al-free surface is necessary to incorporate ultra-
thin GaN QDs in the AIN matrix. RHEED oscillations**
were used to precisely determine and control the growth rate
at ~0.3 ML/s and to maintain desired stoichiometry for AIN
and GaN. The 2 ML GaN QDs were grown in N-rich condi-
tions by opening the Ga and N shutters simultaneously
for 7s ensuring the SK growth mode. A growth interrupt
(anneal) of 18 s was introduced after each GaN layer deposi-
tion to assist island formation by layer decomposition. The
Ga/N ratio was varied from 0.88 (A) — 0.75 (B) — 0.6 (C)

2 ML GaN QD/ 4 nm AIN
(Ga/N: 0.88—0.75—0.6)

|
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for the three samples. Figure 1(b) shows the flux-time dia-
gram for 1 complete cycle of the quantum dot superlattice
active region.

Figure 1(c) shows the measured triple-axis X-Ray
Diffraction (002) m-20 spectrum. The AIN peak in all samples
is similar to the control substrate which was 1 yum AIN on
430 um sapphire. All three GaN/AIN UV emitter samples
show satellite fringes due to reflections from the heterointerfa-
ces confirming periodic GaN/AIN heterostructures. The
fringes for samples B and C were more prominent than sample
A, suggesting sample A to be more disk-like and B/C to be
more well-like quantum structures.”° QD-like features cause
diffuse scattering of the XRD beam preventing well defined
satellite peaks.”> As the Ga/N ratio is reduced from 0.88 to
0.6, reflection from the well-like GaN planes produces con-
structive interference®® and strong XRD fringes. Figures 2(a)
and 2(b) show Z-contrast Scanning Transmission-Electron
Microscopy (STEM) images of sample A which was grown
with a 0.88 Ga/N ratio. Sharp heterointerfaces were observed
between GaN and AIN suggesting no intermixing to form
AlGaN alloy. The existence of 1-2 ML GaN QDs is clearly
indicated in Fig. 2(b). Also in some places, the GaN layer was
completely absent. The image indicates that by growing GaN
under N-rich conditions, the effective QD thickness can be
varied between 0 and 2 monolayers.

Figure 3(a) shows the measured 5 K photoluminescence
(PL). A pulsed Excimer laser (A= 157 nm, 5ns pulse dura-
tion, 600 pJ/pulse energy, 157 Hz repetition rate, 300 um
x 300 um spot size corresponding to a steady state carrier
density of ~5x10"”cm™®) was used for PL excitation.
Sample A with the highest Ga/N ratio of ~0.9 shows a peak
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FIG. 1. (a) Schematic of the structure with 10 periods of ultra-thin GaN QDs in AIN barriers, (b) MBE growth diagram showing shutter sequence and relative
II1-V fluxes for 1 period of the growth, and (c) high-resolution-x-ray diffraction (HR-XRD) w-20 scans showing signature of QD formation for sample A.
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PL emission at 234nm, sample B (Ga/N: 0.75) at 222 nm,
and sample C with the lowest Ga/N ratio of 0.6 exhibits a
219nm PL peak at 5 K. This is the highest reported emission
energy to-date using GaN as the light emitting material.
Temperature-dependent PL. measurements showed that at
300K the PL peak wavelength red-shifted by ~4 nm consis-
tent with a Varshni trend. The measured PL peak positions
were compared with a Schrodinger-Poisson simulation using
SiLENSe software; an example energy-band diagram is
shown in Fig. 3(b). The effective GaN thicknesses for the
three samples to match the peak PL wavelength with experi-
ment were ~1.4 ML (A), 1 ML (B), and 0.8 ML (C). Thus,
the emission wavelength can be reproducibly controlled by
choosing the appropriate Ga/N ratio. The absolute integrated
PL intensity was found to decrease at the shorter wave-
lengths with lowering the Ga/N ratio. This is expected
because of the reduction of the total GaN volume at higher
N-rich growth conditions. The high electron-hole overlap
seen in Fig. 3(b) calculated for the 0.8 ML effective GaN
thickness indicates robustness to the quantum-confined Stark
effect and leads to an interband transition wavelength of
219nm (5.67 eV) for deep-UV emission, consistent with the
experimental observation.

The PL linewidth is a measure of the thickness fluctua-
tions of the GaN layers. For example, the average thickness
of the GaN layers for each of the samples in Fig. 3(a) is 1.4
ML (A), 1 ML (B), and 0.8 ML (C) as mentioned before.
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FIG. 2. Z-contrast STEM images for
sample A: (a) large area scan showing
uniform distribution of the 10 periods
of GaN/AIN heterostructures and (b)
zoomed-in image showing the pres-
ence of 1 ML and 2 ML GaN QDs sep-
arated by 4 nm AIN.

Based on the STEM image in Fig. 2(b), the thickest GaN
layer region in the samples is 2 ML. Therefore, the thickness
fluctuation (Az) for the three samples is ~0.6 ML (A), ~1
ML (B), and ~1.2 ML (C), respectively. The broadening is
estimated using the formula (dEq/dz)-Az where dEy/dz is the
differential change of the eigenvalue energies calculated at
the effective GaN thicknesses for the three samples. The
simulation tool SiILENSe is used to calculate dEy/dz for each
of the samples. Based on this analysis, the calculated broad-
ening due to the thickness fluctuation is 16 nm (A), 30nm
(B), and 36 nm (C) which are higher than the measured val-
ues of 9nm (A), 20nm (B), and 19nm (C). This qualitative
agreement shows the correct trend and order of magnitude,
but to obtain quantitative agreement it is necessary to incor-
porate the size variations with full-bandstructure models'’
that is not attempted here. Furthermore, the symmetrical PL
lineshape of disk-like sample A and the asymmetrical line-
shapes of well-like samples B/C with respect to photon
energy show good agreement with the models discussed in
Ref. 17. The PL lineshapes are guided by the distribution of
joint density of states and therefore different for the well-like
and the disk-like samples.

Figure 4(a) shows the temperature-dependent integrated
PL spectra which are indicative of the internal quantum effi-
ciency (IQE). The IQE estimated from the 300 K/5K ratio
was 20% for sample A grown at a Ga/N ratio of 0.88. The
IQE went up to 40.2% for sample C with a Ga/N ratio of 0.6.
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FIG. 3. (a) Normalized measured photoluminescence (5 K) and absorption (300 K) spectra showing tunable deep-UV emission down to 219 nm. The average
thickness of GaN layers were extracted from simulation. (b) Simulated energy-band diagram for 219 nm emission.
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FIG. 4. (a) Estimation of IQE from temperature dependent integrated PL spectra (solid lines are shown as a guide to the reader), (b) comparison of measured
IQE with AlGaN based QWs, (c) enhancement of IQE using GaN QWs due to the reduced quantum-confined Stark effect.

The increase in IQE is explained by the reduction of the
QCSE. These IQE values can be a consequence of very high
photo-excited carrier densities in the order of ~10*°cm ™
which can cause over-estimation due to saturation of SRH
(Shockley-Read-Hall) non-radiative recombination centers or
under-estimation due to the Auger effect. A detailed optical
power density dependent IQE measurement needs to be per-
formed to obtain the IQE vs carrier density map which has
not been performed in the current work. Figure 4(c) (top &
bottom) compares the energy band diagrams and electronic
states of an ultrathin GaN QW/QD with a corresponding
AlGaN QW with the same photon emission energy. The sig-
nificantly higher overlap of the electron/hole wavefunctions
indicates a higher oscillator strength, which should translate
to a higher IQE.

Figure 4(b) shows the measured IQE for the heterostruc-
tures reported in this work in comparison to those reported in
the literature over the range of 200400 nm.?’~*' To increase
the photon energy in traditional AIGaN based thick (>2nm)
QW active regions, the Al-content in the AlGaN is typically
increased. The high QCSE and lower band offset induced
carrier leakage into the barriers reduce the IQE of AlGaN
active regions. Beyond an Al content of 40%,” the optical
matrix element leads to edge-emission from AIGaN QWs.
On the contrary, for the GaN based structures shown in this
work, the IQE is found to increase at shorter wavelength emis-
sion. This is achieved because the reduction of the GaN QW/
QD thickness enhances the overlap integral, reversing the trend
of decreasing IQE at shorter wavelengths. Furthermore, the
emission matrix element is converted to surface-emission,'?
which is highly desirable for light extraction.

In conclusion, ultrathin (1-2ML) GaN dots/disks in the
AIN matrix were demonstrated to be capable of controllable
emission in the 219-235 nm range by engineering the quan-
tum confinement during the MBE growth, showing the

shortest wavelength emission till date at 219 nm (~5.7¢eV)
from binary GaN active regions. An IQE of 40% at an emis-
sion wavelength of 219nm was measured, which is more
than 2X higher than the highest prior reported AlGaN QW
based heterostructures at comparable short deep-UV wave-
lengths. Together with the reduced QCSE and the surface
emission, the use of the extreme quantum confinement
binary GaN QW/QD active regions offers a compelling
approach for efficient deep UV light emitters.
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