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We report the internal structures and emission properties of GaN/AIN single- and multiple-quantum-well (QW) heterostructures with well widths of
dy = 1-4 monolayers (MLs), grown by plasma-assisted molecular-beam epitaxy on c-sapphire at metal-rich conditions and low temperatures
(~700 °C). The formation of plane QWs with abrupt symmetrical interfaces is confirmed by both scanning transmission electron microscopy and
X-ray diffraction analysis. Pulse-scanning and continuous-wave output powers of 150 and 28 m\W, respectively, at a peak emission wavelength of
235nm were achieved at 300K in an electron-beam-pumped deep-ultraviolet (1.5 ML-GaN/5.5 nm-AIN)zgo multiple-QW emitter with a maximum

efficiency of 0.75%. © 2018 The Japan Society of Applied Physics

conductor materials for ultraviolet (UV) photonic

devices required for the germicidal optical treatment
of water/air/surface at both standard wavelengths of 264 and
222nm in the far UV-C range (for an in vivo treatment),
as well as for optical spectroscopy, communication, etc.!?
Deep-UV light-emitters are currently based mainly on
AlLGa;_,N/ALGa;_ N (x=0.4-0.8, y-x=0.1-0.4) quan-
tum-well (QW) heterostructures with a typical well width
of dy, = 1-2nm.

However, several serious challenges exist in the fabrication
of deep-UV-emitting devices based on wurtzite (Al,Ga)N
QW heterostructures grown on c-sapphire substrates. First,
a strong polarization field emerging in the QWs leads to
the quantum-confined Stark effect (QCSE) with the strong
electron—hole separation inside the QWs, which leads to both
reduction in their internal quantum efficiency (IQE) and
significant red-shift of the emission wavelength.® Second, the
complex valence band structure of the AlGaN alloys under-
goes a band crossover at x ~ 25 mol %, when the split-off sub-
band becomes a topmost valence sub-band.* This leads to a
transverse-magnetic-(TM)-polarized (E || c-axis) inter-band
emission, which has a significantly lower extraction efficiency
through the basal plane, compared to the transverse-electric-
(TE)-polarized UV light observed in low-Al-content alloys
where the top position in the valence band is occupied by the
heavy-hole sub-band.

In order to overcome these problems, deep-UV light
emitters based on ternary Al,Ga;_,N/Al,Ga;_ N (x <y) or
binary GaN/AIN QW structures with d, as small as ~1
monolayer (ML) were proposed theoretically” and studied
experimentally.*® Plasma-assisted molecular-beam epitaxy
(PAMBE) performed at relatively low growth temperatures
[Ts =700-750°C for (Al)GaN layers] and growth rates
(below 0.5 ML/s) has large potential for development of the
atomically resolved technology of the (Al,Ga)N QW hetero-
structures. We have already used these advantages of PAMBE
to realize a sub-monolayer digital alloying (SDA) technique
for growth of the Al,Ga;_,N/AlGa;_,N QWs as nominal
{GaN/AlLGa;_ N}y (N=2-10) superlattices (SLs) with
extremely thin (<1 ML) GaN insertions.” The high efficiency

T he wide-gap (ALGa)N compounds are basic semi-
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of radiative recombination in the SDA single-QW (SQW)
structures has been confirmed by observation of stimu-
lated emission in the 4 range of 258-303 nm with a minimum
threshold power density of ~150kW/cm? (4 = 290nm).'?
In addition, a high-intensity spontaneous UV-radiation at
A =285nm with an output power of Py, = 160 (39)mW,
excited by an e-beam in a pulse-scanning [continuous wave
(CW)] mode, respectively, has been demonstrated in AlGaN
MQW heterostructures fabricated by the SDA technique.'?
Extremely thin binary GaN/AIN multiple-QW (MQW)
structures with d,, of few MLs were fabricated by both metal—
organic vapor phase epitaxy (MOVPE)'? and PAMBE.'?
Using PAMBE, Islam et al. have demonstrated a TE-
polarized photoluminescence (PL) at the shortest wavelength
of 219 nm.'® They used either standard or modified Stranski—
Krastanov growth modes under N-rich conditions (Fg,/
Fn < 1) to induce formation of three-dimensional (3D) GaN
islands (dots/disks) into GaN QWs with nominal thicknesses
of 1-3MLs. Despite the enhanced PL IQE and TE-polar-
ization of the output emission, the maximum achieved output
power density of the GaN/AIN QW UV-light-emitting diodes
(LEDs) at the shortest A = 234 nm was below 0.4 mW /cm?.'>
Additional factors contributing to the low values of the
efficiency and output power of such sub-250-nm UV-LEDs
are the poor p-type conductivity of Al,Ga;_,N layers with
x=0.4-1 and high resistance of their ohmic contacts.'®
The importance of these problems can be illustrated by the
observation that UV-LEDs with a standard AlGaN-based
QW design, grown on bulk AIN substrates, exhibit the
highest output CW power of 150 mW only for wavelengths
longer than 265nm.'” However, UV-LEDs emitting at a
shorter wavelength (226nm) have the maximum output
power of only 225 uW even in the case of specially designed
diode structures grown on bulk AIN substrates, which is
primarily associated with an insufficient p-doping of AlGaN
layers with a high Al content used in these diodes.'®
These problems can be avoided in e-beam-pumped (EBP)
UV-emitters, which, in addition, can be designed with a
thick MQW active region to yield a higher output power.
Several groups have developed such type of deep-UV light
sources' 1922 with a maximum Py ~230mW at A=

© 2018 The Japan Society of Applied Physics
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(a) Typical shutter sequence during the growth of a GaN/AIN QW. (b) HAADF-STEM images of GaN/AIN SQW structures with nominal

thicknesses varied from 1 to 4 MLs. An integrated distribution of the STEM image brightness is plotted on the right side of each image.

246 nm using an e-beam energy of E = 12keV and pulsed
current of I, = 4.4 mA for excitation.”

In this study, we report a PAMBE growth as well as
structural and optical properties of GaN/AIN SQW and
MQW structures, with nominal thicknesses of the GaN QWs
varied in the range of 1-4 MLs, grown at metal-rich condi-
tions. The emission efficiency of a sub-240-nm UV radiation
was probed to be 0.75% under e-beam excitation conditions
in GaN/AIN MQW structures with a number of 1.5-ML-
thick QWs as large as 360.

All of the samples were grown in a PAMBE setup
Compact 2IT (Riber) on standard annealed and nitridated
c-Al,O3 substrates over 65-nm-thick two-dimensional (2D)
AIN nucleation layers deposited by migration-enhanced
epitaxy (MEE).”” AIN buffers with a thickness of ~1.5um
were then grown by metal-modulated epitaxy (MME) under
slightly Al-rich conditions and Ts=780°C.?> The {GaN/
AIN}y (N =1-360) MQW structures with GaN and AIN
layer thicknesses varied in the ranges of 0.5-4MLs and
5-40nm, respectively, were grown at constant 75 = 700 °C
and nitrogen flux of Fy=0.44ML/s. Me-rich conditions
were used in the growth of both layers at flux ratios of Fg,/
Fn~2 and Fpy/Fn ~ 1.05, which allowed us to control the
nominal well and barrier thicknesses using the calibrated
N flux. Figure 1(a) schematically illustrates the growth
sequence of one period of the GaN/AIN MQW structures.
In order to eliminate the excess metal from the Al-adlayer on
the AIN barrier surface before the growth of the GaN QW,
three MEE cycles of AIN growth followed by its surface
exposure to a nitrogen flux were applied. The excessive
Ga remaining on the QW growth surface was segregated
automatically into a floating layer on the surface of the top
AIN barrier, owing to the lower GaN binding energy than
that of AIN, and evaporated at the employed 7s. This
procedure ensured the fabrication of a 1-4-ML-thick GaN
QW with symmetric abrupt interfaces [Fig. 1(b)].

The growth was monitored in situ by reflection high-
energy electron diffraction (RHEED), laser reflection (LR),
and home-made multi-beam optical stress sensor (MOSS)
with a measurement frequency of 10Hz. Ex situ studies of
the structures were performed using high-angle annular dark-
field scanning transmission electron microscopy (HAADF
STEM; Titan 350) and X-ray diffraction (XRD) with a triple
crystal geometry and Cu Ka radiation (4 = 1.5406 A) mono-
chromatized by a two-bounce Ge(220) crystal combined
with a parabolic X-ray mirror and third 3x Ge(220) analyzer.
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Fig. 2. (a) Normalized PL spectra measured at RT for GaN/AIN SQW

structures with well widths varied in the range of dy, = 1-4 MLs, and

(b) ratios of integrated PL intensities measured at RT and 5K (IQE) and
(c) relative integrated RT PL intensities as a function of the nominal well
thickness.

PL spectra were measured at 5 and 300 K with excitation
by a fourth-harmonic of a femtosecond Ti:sapphire laser at
211 nm. Cathodoluminescence (CL) spectra were measured
through a substrate and quartz glass using pulse-scanning and
CW modes of electron-beam excitation from the structure
surface with spot diameters of 1 and 10 mm, respectively,
energy of 10-20kV, and beam current varied up to 1 mA, as
described in previous studies.'!??

Figure 1(b) shows Z-contrast HAADF-STEM images of
GaN/AIN SQW structures with d,, varying from 1 to 4 MLs,
which correspond to the nominal values with an accuracy of
~0.5 ML. All of the wells exhibit symmetric Ga distributions
in the growth direction, thus indicating the absence of
Ga segregation phenomena®®?” in the structures grown at
Ts =700°C.

Some lateral inhomogeneities of Z-contrast along the
GalN/AIN QWs, particularly pronounced in the thinnest QW,
are observed and will be discussed below. The SQW struc-
tures exhibit single PL peaks up to room temperature (RT), as
shown in Fig. 2(a). The PL peak positions shift from 330 to
235 nm with the decrease in d,, from 4 to 1 ML, which was
previously described theoretically and observed experimen-
tally for short-period GaN/AIN SLs with few-ML-thick GaN
QWs grown by MOVPE'? or PAMBE.'® Surprisingly, the
full-width-at-half-maximum (FWHM) values of the RT PL
peaks do not exceed 8§ nm (~ 0.2eV) in the complete range

© 2018 The Japan Society of Applied Physics
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Fig. 3. HRXRD w/26 scans of (0002) reflections of GaN/AIN MQW structures with varied numbers (N) of QWs and nominal QW (dy) and barrier (DaN)

thicknesses: (a) dy, = 1.5ML, Dan = 38.5nm, N = 40 (structure A), (b) dy, = 1.5ML, Dyn = 15.5nm, N =
Dan =5.5nm, N =360 (structure C), and (d) dy, = 4 MLs, Dy = 15.5nm, N =

120 (structure B), (¢) dy, = 1.5ML,
120 (structure D). The black curves are experimental curves, while the red

are simulation curves. (e) and (f) Temporal evolutions of the substrate curvatures (stressxthickness) during the PAMBE growth runs of structures B and D,
respectively. Inset in (f) shows the (stressxthickness) variation at high magnification during growth of a single QW.

of QW thicknesses. Moreover, an evaluation of the IQEs of
the set of SQWs, based on measurements of the PL3gox/PLsk
ratios of integrated intensities, reveals a significantly higher
IQE (up to 45%) in the 1-2-ML-thick QWs, which was
reduced down to 3% when d,, reached 4 MLs. The latter is a
typical value for GaN/AIN structures with d,, > 1nm,”®
while the former exceeds the maximum value of 40%
reported for similar GaN/AIN QWs grown by PAMBE at
N-rich conditions.'® The thinnest GaN/AIN QW structure
also exhibits an order of magnitude higher RT integrated PL
intensity compared to the thicker structures [Fig. 2(c)]. The
PL peak positions of these structures (not shown) practically
do not change with the increase in the temperature up to
approximately 150K and then undergo a red-shift by only
20 meV with the increase in the temperature to 300 K.

The observed variations in the SQW PL properties with
the GaN thickness are related to the reduction in the spatial
separation of electrons and holes by the polarization fields in
the extremely thin GaN/AIN QWs (<2 MLs). Other possible
factors could be a contribution of lateral carrier confinement
induced by the fluctuations of the QW width/composition,
observed in the STEM images, and suppression of the
valence band structure crossover’ in the thin GaN QWs,
which ensures TE polarization of the PL emission from these
structures, observed experimentally.

Figure 3 shows high-resolution (HR) XRD /26 scans of
the (0002) reflections of the GaN/AIN MQW structures with
different numbers of GaN QWs as well as different well and
period thicknesses. The figure caption describes the desig-
nations of the MQW structures discussed below. The obser-
vation of sharp and narrow satellite peaks [up to the sixth
order in structure A, Fig. 3(a)] confirms the formation of the
abrupt interfaces and realization of a quite uniform period in
the MQW structures grown at the Me-rich conditions. The
simulation of the diffraction patterns using the commercial
software package PANalytical X pert Epitaxy confirmed the
intended GaN and AIN thicknesses with an accuracy of
+0.5 ML. It should be noted that the good matching between
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the positions of all of the experimental and simulation peaks
implies the coherent growth of the GaN/AIN MQW struc-
tures on the AIN buffers. Therefore, one can assume genera-
tion of a rather high compressive stress during the growth
of the structures with large numbers of QWs. However, a
measurement of the substrate curvature by MOSS revealed
different behaviors of the average stresses in the GaN/AIN
MQW structures with different dy,.

Figure 3(e) shows the temporal variation of the substrate
curvature in structure B. The curvature exhibits short-period
oscillations with a more positive (tensile) incremental stress
during the AIN growth at the slightly Al-rich conditions,
whereas the curvature (stress) decreases when the structure is
exposed to the active nitrogen flux. These variations can be
explained by introduction of an additional surface stress during
Al-rich phases of AIN MME when a liquid metal adlayer is
formed on the layer surface, as observed, e.g., by Floro et al.?
for MBE of GeSi layers. The growth of the GaN QW under the
Ga-rich conditions, followed by the Al-rich barrier growth,
starts the new period, as shown in the inset in Fig. 3(f). Despite
this short-period stress variation, the average stress in this
structure remains zero. A different character of the stress
evolution is observed in the GaN/AIN MQW heterostructures
with dy, = 1nm (~4 MLs) (or more). Figure 3(f) shows the
curvature variation during the growth of a 1.8-um-thick MQW
structure D, where not only the short-period stress variation,
but also a gradual transition from the initial compressive
average stress to the constant tensile stress is observed.

The unusual stress-free growth of the 1.5 ML-GaN/AIN
MQW structures could be explained by the elastic relaxation
of the GaN in-plane lattice parameter during the formation of
bottom and top interfaces in this structure. Such relaxation
proceeds at the bottom interface through development of
discontinuities in the GaN layer, leading to formation of
ultra-thin spatially separated platelets with thicknesses of
few MLs, which was considered by Bourret et al.’® as an
effective stress-relaxation mechanism at the onset of PAMBE
growth of GaN-on-AlN structures at Me-rich conditions. This

© 2018 The Japan Society of Applied Physics
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Fig. 4. (a) Normalized RT CL spectra of the GaN/AIN MQW structures
A, B, C, and D, measured at E, = 10keV, I, = 0.1 mA, and beam spot
diameter of ~1 mm. (b) Output power as a function of the current of the
pulse-scanning e-beam with E, = 20keV, measured at RT, for the 1.5-ML-
GaN/AIN MQW structures A, B, and C.

should obviously lead to a smaller distortion of the GaN
vertical lattice parameter than that in a continuous GaN ML.
Moreover, the XRD data showing the averaged MQW lattice
parameter (Oth-order peak) matching precisely to that of the
AIN buffer [Figs. 3(a)-3(c)] indicate that the reverse elastic
relaxation of the GaN in-plane lattice parameter in platelets
toward the AIN parameter occurs at the upper GaN/AIN
interface, which also causes a small distortion of the in-plane
lattice parameter of the first AIN capping MLs. Therefore, the
GaN/AIN MQW structures with extremely thin GaN QWs
(1-2MLs) can demonstrate a coherent and stress-free growth
on AIN with a constant average substrate curvature. These
GaN quantum platelets can probably serve as efficient carrier
localization sites in the QW plane, as discussed above in the
PL section (Fig. 2).

However, for the MQW structures with thicker GaN QWs
(>4 MLs) and average Al content of x,, = 0.93 (structure D),
the mechanism of the reversible elastic relaxation through
formation of separate platelets is apparently broken. This
leads to the non-monotonous behavior of the average stress
with a sign change at ~0.6 um, which is similar to that of thick
Al-rich AlGaN alloy layers grown coherently on AIN at
low temperatures, inherent for PAMBE.?" Consequently,
we observe a noticeable lattice mismatch between the MQW
Oth-order XRD peak and AIN buffer peak [Fig. 3(d)], as
well as strain-induced asymmetric broadening of the MQW
higher-order satellites.

The possibility of stress-free growth of thick GaN/AIN
MQW structures with a number of QWs up to 360 was
employed for fabrication of EBP sub-240-nm UV emitters.
In these structures, the 2-um-thick MQW active region can be
efficiently excited as a whole by the e-beam with an energy of
E. ~20keV. The sufficiently small barrier width (5-6 nm)
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ensures fast collection of non-equilibrium carriers into the
QWs. Figure 4(a) shows CL spectra for the MQW structures
A, B, C, and D, excited by an e-beam with E. = 10keV. The
observation of single peaks for the structures A, B, and C
with a spectral width of ~20nm and peak position varied in
the narrow range of 235-250 nm implies a sufficiently good
reproducibility of the MQW structure parameters during
long-term growth cycles. In contrast, structure D with the
thicker wells (4 MLs) exhibits a large red-shift of the CL
peak energy due to the reduced quantum confinement and
enhanced QCSE. In addition, it exhibits a significant broad-
ening of the CL peak, which can be explained by the complex
evolution of the stress in the structure [see Fig. 3(f)],
affecting the radiative characteristics of the QWs due to the
variable internal polarization fields.

Figure 4(b) shows the UV-light output powers of the struc-
tures A, B, and C (dy, ~ 1.5ML) as a function of the e-beam
pumping current /. varied up to 1 mA at E, =20keV. The
e-beam had a diameter of ~1 mm and was scanned along
a certain line across the structure surface, covered by a thin
Al film, with a scan velocity of 4 x 10° cm/s and repetition
rate of S0Hz. The UV radiation was extracted through a
sapphire substrate. Structure C with the maximum number
of QWs of 360 exhibited the maximum pulse output power
of Poy ~ 150mW at 235 nm, corresponding to a wall plug
efficiency (WPE) of 0.75%, which by ~70% exceeds the
WPE value of 0.44% achieved for EBP emitters based on
MOVPE-grown AlGaN MQWs, demonstrating the highest-
reported pulse output power of 230mW at 246 nm.>> The
CW output powers, measured using an e-beam with a
diameter of 10 mm at £, = 15keV and I, = 0.45 mA, were
Py =7, 14, and 28 mW for the MQW structures with N of
(A) 40, (B) 120, and (C) 360, respectively. The increase in
the output power with the number of QWs may be due to
better transport and capture of excited charge carriers in the
structures with thinner barriers, as well as larger volume of
the active region; no special post-growth processing treat-
ment, similar to that used in Ref. 11 to increase the external
quantum efficiency of the UV output by a factor of 1.5, was
performed in this case.

In summary, a detailed investigation of the PAMBE Me-
rich growth and structural properties of the binary GaN/AIN
MQW structures with well widths varied in the range of
1-4 MLs confirmed the formation of the abrupt symmetric
QW interfaces and good reproducibility of the QW param-
eters through the multi-period structures (up to 360), and
revealed the stress-free coherent growth of the {GaN/
AlIN}360 MQW structures with the thinnest (1.5 ML) QWs
on 1.5-um-AIN/c-Al,0; PAMBE templates. The latter effect
was explained by the lateral elastic strain relaxation within
the 1.5-ML-thick QWs through formation of few-ML-thick
GaN platelets, which led to an efficient non-equilibrium
carrier confinement and significant increase in the IQE. The
high-power e-beam-pumped deep-UV emitters with a wave-
length of ~235nm were fabricated based on the {1.5-ML-
GaN/AIN}360 MQW heterostructures. They exhibited an RT
output pulse power as high as 150 mW at the highest reported
WPE of ~0.75%.
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