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ABSTRACT

We report the structural and optical properties of Al,Ga;N/Al,Ga; N quantum wells (QWSs) structures grown by gas
source molecular beam epitaxy with ammonia on sapphire (0001) substrates. QWs structures consist of five pairs of
AlGayN, 0.3<y<0.45, wells (nominally 2-4 nm thick) and Al,Ga, N, 0.55<x<1, barriers (nominally 5 nm thick). All
the structures were completed with a 10 nm thick cap layer of AIN. We observed a significant enhancement in the
cathodoluminescence intensities and longer photoluminescence lifetimes for QW structures grown in the 3D mode, as
confirmed by spotty reflection high energy electron diffraction patterns. These effects are attributed to the formation of
AlGaN quantum dots in the well materials.
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1. INTRODUCTION

There has been significant progress in design and fabrication of the AlGalnN-based light emitting diodes (LEDs)
operating below 300 nm [1, 2]. Emission wavelength as short as 210 nm has been recently reached [3]. AlGalnN LED
structures are based on the well-known double-heterostructure design where a narrow-bandgap active region is
sandwiched between two wider-bandgap n- and p-type layers. Despite the fact that AlGaInN alloys are direct bandgap
semiconductors, LEDs based on these materials remain inefficient.

The active region of I1I-nitride LEDs is usually composed of a few pairs of GaN/InGaN or Al,Ga;.,N/Al,Ga, ,N QWs. It
is well known that the internal efficiency of InGaN QWs is enhanced by formation of In-rich clusters [4], which behave
like quantum dots (QDs) [5]. The localized states, obtained due to fluctuation of In content, protect carriers from
recombining at nonradiative centers [6]. The carrier localization observed in wide bandgap AlGaInN [7] also was
attributed to In segregation [8], leading to enhanced luminescence of these alloys. Kipshidze et al. [9] reported that
adding of a small amount of In, less than 0.5%, to the GaN or Aly3Gag9oN wells increases, by factor from 3 to 3, the
luminescence intensity of QW structures. X-ray studies of these AIN/AlGaIlnN QWs signify formation of InGaN regions
in the well material despite very low In content [10]. QDs of InGaN can be obtained by inducing Stranski-Krastanow
growth mode [11]. A change from two dimensional (2D) to three dimensional (3D) growth mode can be reached by
applying Si anti-surfactant [12] or by relying on residual strain in the well material [13]. Much less is known about
Al,Ga, N QDs [14]. Hirayama e al. [15] reported growth of Al,Ga; N (0.01 < x < 0.05) QDs on Al 33GageN using Si
anti-surfactant. However, they observed decreasing luminescence efficiency with increasing AIN content in the QD
region.

Recently, it was shown that luminescence efficiency of Aly 45Gag ssN/Alg 55Gag 4sN QWSs grown by gas source molecular
beam epitaxy (GSMBE) with ammonia is very sensitive to the growth mode of a well material [16, 17]. It was shown
that compositional inhomogeneity in plasma assisted MBE grown AlGaN enhances luminescence efficiency due to
formation of QD-like localized states inhibiting the movement of carriers to nonradiative sites [18].

In this paper we report the structural and optical properties of AlGa,..N/Al,Ga,. N (0.3<x<0.45, 0.53<y<Il) QW
structures using transmission electron microscopy (TEM) and room temperature CL and time-resolved
photoluminescence (TRPL) measurements. We describe a significant improvement in the room temperature
luminescence efficiency of Al,Ga, N/Al,Ga,.,N QWs when the 3D growth mode is induced by reduced flux of NH; in
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the growth of well material. This intense emission is characterized by a long room-temperature lifetime comparable to
that seen in low defect density GaN and suggests that spatial carrier localization enhances the luminescence efficiency.
Our results, interpreted in terms of QD formation in well material, should result in improved quantum efficiency of
LEDs operating below 300 nm.

2. EXPERIMENTS
2.1 Growth

The structures were grown by GSMBE with ammonia on (0001) sapphire substrates. Growth began with 30 minutes
long nitridation of sapphire, at ~900°C. Next, AIN(50 nm)/ AlyGag 3N (50 nm)/AIN (110 nm) buffer sandwich was
grown to control the residual stress in an active region. The buffer was grown in 2D growth mode with 1x1 surface
reconstruction as confirmed by streaky reflection high energy electron diffraction (RHEED) patterns. The growth
continued with an active region consisting of five pairs of Al\Ga, N (0.3<x<0.45) well and Al,Ga; N (0.33<y<I)
barrier. All Al,Ga,,N (0.53<y<1) barrier layers were grown in 2D growth mode, as demonstrated by the RHEED pattern
of Fig. 1a. The thickness of the barriers was kept constant, 20 mono layers (MLs), in all experiments. The growth time of
well material, Al,Ga, N (0.3<x<0.45), was changed in the range from 21 s to 42 s which corresponded to deposition
from ~ 8 MLs to ~ 16 MLs, respectively. Note the thickness of one ML of AlGaN is ~ 0.25 nm. Based on our previous
results, QW structures were grown at the optimal temperature of ~ 810°C where deposition and evaporation rates of the
well material are balanced [16, 17]. All the structures were completed with a 10 nm thick cap layer of AIN.

a. b A"V e f

Fig. 1. Variation of the RHEED patterns during the growth. (a) 2D grown barrier at 20 sccm of ammonia; (b) onset of 2D to
3D transition of well at 6.5 sccm of ammonia; (c) — (f) 3D grown well at 6.25 sccm of ammonia after deposition of 4,
8, 12, 16 MLs, respectively; (g) onset of 3D to 2D transition of barrier on well at 20 sccm.

The ammonia flux used in the growth of wells was varied between 8 sccm and 5 scem, in different structures. The
growth mode of the well changes with reduced flux of ammonia. For example, 2D growth mode was maintained at
ammonia fluxes greater than 7 sccm. At the ammonia flux of 6.5 sccm we observed weak splitting of 0™ spot in the
RHEED pattern after deposition of ~ 2 MLs (6 seconds of growth) of well material, Al,Ga; N (0.3<x<0.45), as shown
in Fig. 1b. With the ammonia flux reduced to 6.25 sccm the RHEED patterns become quite spotty after deposition from
4 MLs to 16 MLs of well material, as shown in Fig. 1 c-f. This behavior of the RHEED pattern is typical of growth mode
change from 2D to 3D [19]. Well growth could not be continued for ammonia fluxes below 5 sccm. It should be noted
that for all ammonia fluxes used for well growth the RHEED pattern of the barrier layer recovers within ~ 2 seconds, as
shown in Fig. 1g, and shows 2D growth by the time the next well is grown. In other words the barriers are sufficiently
thick for the growth to planarize the barrier surface before the next well is nucleated. This implies that any 3D grown
islands are confined to individual wells. We refer this region as quantum well/quantum dot region. Note the varying
RHEED patterns during the growth of wells with different thickness. As seen from Fig. 1b-c, approximately half of 2 nm
thick well was grown under 2D growth mode. The 2.5 nm thick well should be composed of ~ 1 nm and ~ 1.5 nm of
material grown in the 2D and 3D modes, respectively. Upon continued growth of the well to 3 and 4 nm thickness, the
mechanism returns to 2D as illustrated in Fig. 1f-g. Thus, we expect the samples with 2.5 nm thick well to have the
highest density of isolated 3D islands within the well. Although the detailed mechanism of 3D islands formation, their
density and shape are still under investigations, we believe it is similar to reported by Han er al. [20] where the GaN and
AlGaN QDs were grown using liquid droplet epitaxy.

Proc. of SPIE Vol. 6473 647306-2




- 2.2 Transmission electron microscopy.

' Figure 2 shows a TEM cross-section of the Al,Ga; N/ Al,Ga,.,N quantum well/quantum dot region. The sample was
imaged with a JEOL 2010F TEM operated at 200 keV. The image was taken along the [l 15(}] s/ [1 TOO] snbetrate. ZONE

axis. The darker contrast is indicative of the strain field around the quantum dots, but the embedded dots do not generate
dislocations in the surrounding quantum wells. We do see an apparent increase in the lattice constant within the dots
along the growth direction. There is very little contrast between the actual dots and the surrounding matrix, therefore it is
difficult to obtain precise dimensions. This is due to the relatively small difference in chemical composition between the
dots and the well, and from the averaging of information along the beam direction. Despite the apparent difficulties in
obtaining TEM images of the quantum dots, we take this as corroborating evidence consistent with the RHEED data
described above and the optical measurements below.

Fig. 2. TEM cross section of Al, 4sGag ssN/Alj ssGag 45N QW/QD region.

2.3 Cathodoluminescence.

The dependence of CL intensity versus ammonia flux for the set of QW structures grown at 810°C is shown in Fig. 3.
The growth time of the well material was held constant and ammonia flux was varied from 5 to 8 scem in different
experiments. A maximum CL intensity was obtained at ammonia flux of 6.50 = 0.25 sccm.
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Fig. 3. The room temperature CL intensity of Aly 40Gag syN/Alg s3Gag -N QWSs versus ammonia flux.
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Varying the ammonia flux results in differences in the well material formation. At low ammonia flux the evaporation of
Ga dominates resulting in low growth rate—smaller well thickness—and increased Al content. We found that at low
ammonia flux, < 5 sccm, there was no deposition of well material and the CL originates from the barrier material. At
high ammonia flux, > 7 sccm, we observe 2D growth in the well and barrier, as described above, and low CL intensity.
In the intermediate regime, where the CL intensity shows a maximum, 3D growth is observed consistent with the
formation of islands or quantum dots in the well region. The CL intensity is observed to be very sensitive to even small
changes in ammonia flux in this intermediate regime, exhibiting enhancement by a factor of ~ 40 between fluxes of 5.5
and 6.5 sccm before rapidly diminishing when flux is increased from 6.5 to 7.0 sccm. This enhancement in CL intensity
with ammonia flux is attributed to the formation of isolated quantum dots in the well material [16, 17]. These quantum
dots will localize excited carriers and enhance radiative recombination.

The intensity of CL is found to depend strongly on well thickness, as seen in Fig. 4. In quantum wells grown under 2D
conditions, i.e. without quantum dots, the polarization field plays a strong role in delocalizing electrons and holes
thereby diminishing the radiative emission. In our experiments, the highest intensity for Aly 40Gag soN/Aly 55Gag 42N QWs
was measured when the growth time of well material was 26 seconds, curve 2 in Fig. 4, corresponded to 2.5 nm thick
wells. We note, however, that the intensity from samples with thicker wells is high compared with pure 2D grown
quantum wells. Evidently, the presence of quantum dots plays an important role in luminescence even for these thicker
wells. The intensity dependence observed for the spectra in Fig. 4 are correlated with measured PL lifetimes discussed
below. The dependence seen for the Algs0GageoN/AlyssGagasN series (1-4) may be attributed to changes in carrier
confinement to the QD regions. Evidently, samples with 2.5 nm thick possess the best quantum dots, consistent with the
RHEED data in Fig. 1.
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Fig. 4. The room temperature CL peak position and intensity of Alg,GageN/AlyssGag N QWs. Spectra 1, 2, 3, and 4
correspond to expected well thickness of 2.0 nm, 2.5 nm, 3.0 nm, and 4.0 nm, respectively. The inset shows the main
peak of Aly40Gag oN/AIN QW, curve #5, and Alj40Gag goN/Alp ssGagoN QW, curve #6, corresponding to the well
thickness of 2 nm.

Turning to the structures grown with AIN barriers rather than AljssGag4,N, we observe ~ 30% increase in the
luminescence intensity, as shown in inset of Fig. 4. This is attributed to better carrier confinement in the wells. A second
factor to consider is polarization-induced delocalization of carriers to the well/barrier interfaces. This effect is stronger
when using pure AIN barriers rather than AlGaN. The result is to push wavefunctions further into the barriers, enhancing
non-radiative recombination through barrier/interface states. However, the use of a pure AIN barrier may have the
advantage of reducing the density of these states through lower alloy fluctuations at the interface, with the net result of
reduced competition with the desired radiative transitions. By varying the AIN barrier width from 1 to 5 nm (not showr
here) we found that CL intensity strongly increases by a factor of ~ 4. A slight blue shift, by ~ 40 meV, is observed ir
the CL peak position for this series when the AIN barrier width increases from 1 to 5 nm. These effects can likewise b
attributed to improving carrier confinement by thicker barriers and subsequent radiative recombination efficiencies. 2
similar effect was observed for QW structures where the composition of well material was varied between 0.30 and 0.45
The formation of quantum dots in the well region appears to enhance the CL intensity in our samples. An associate:
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effect on the PL lifetime is also expected due to changes in the carrier capture and recombination dynamics. We now
describe the PL studies.

2.4 Time resolved photoluminescence.

To investigate the carrier recombination dynamics of the samples, time-resolved photoluminescence was performed. The
observed lifetimes in these QWs is expected to be affected by bulk defects, interface states, carrier localization in the
QDs, and wave function separation due to the piezoelectric field and polarization effect in the c-axis growth direction. A
time-correlated single photon counting (TCSPC) technique [18] was used with a microchannel plate photomultiplier
with ~25 ps resolution. The pump excitation source was a doubled optical parametric amplifier giving sub-100 fs pulses
at 250 nm.

Shown in Fig. 5 are data for four samples taken with a pump fluence of ~0.72 uJ/cm’. Three samples correspond to
Aly 40Gag oN/Aly 55Gag 40N with well thickness of 2.0, 2.5, and 4.0 nm, labeled 1, 2, and 4 in association with CL spectra
in Fig. 4. The corresponding measured 1/e lifetimes are 150, 223, and 120 ps, respectively. The longest lifetime is
consistent with the highest CL intensity. For the 2.0 nm well, the growth time is insufficient to form well-defined
quantum dots resulting in a shorter lifetime, similar to standard superlattices of these materials, and weaker
luminescence. At 2.5 nm well thickness, the quantum dots are well formed as illustrated by the RHEED data (Fig. 1 b-e).
The observed increase in lifetime and CL intensity enhancement may thus be attributed to localization of carriers to the
QD regions away from nonradiative recombination centers. When thicker (4.0 nm) wells are grown, the longer growth
time permits formation of a smoother 2D morphology as seen from the RHEED (Fig. 1 f-g). As a result, the quantum
dots play little role in the recombination process showing shorter PL lifetime and lower CL intensity. This underscores
the importance of the well thickness in utilizing quantum dots to enhance light emission in AlGaN superlattices.

We also show in Fig. 5 the PL decay for an Al 4,Gag sN/AIN sample with 2.0 nm well thickness, corresponding to CL
spectrum 5 in Fig. 4. This sample was found to show greatly enhanced CL intensity over those grown with the alloy
barriers, an effect we attributed to improved confinement of carriers in the wells. We see a PL decay lifetime of ~ 320
ps. The similar structure with AlGaN barrier had a significantly shorter lifetime of 150 ps. These results confirm the
expected result that the AIN barriers are superior for carrier confinement enhancing the luminescence efficiency. We
note that it is possible a 2.5 nm well with AIN barriers would exhibit superior properties in lifetime and intensity, since
this thickness was superior in the case of Aly49GageN/Aly 5:Gag oN quantum well structures. This suggestion is under
investigation.

4

10%g ——————s ;
2 . o 2.5 nm well / AlGaN barrier 3
£ 2 A 4.0 nm well/ AlGaN barrier ]
£ [ . = 2nmwell / AIN barrie
© 10°L " o o 2.0 nm well/AlGaN barrie
L
£ ssfvun
£ 2
3 1 02 E' L
h =) F
@ b
N [ o
W s 2
E 0
2 10'L=

0 1 2 3 -
Time (ns)

Fig. 5. Room-temperature time-resolved photoluminescence of Aly4Gag¢N QWs with AIN or Algs3Gag 4N barriers. Lines
show best fit to a double exponential decay convoluted with the system response of ~25 ps.
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3. CONCLUSIONS

In summary, we observe a significant increase in the deep UV CL and PL emission from QW structures of AlGaN. The
increase is attributed to the formation of quantum dots within the wells. For Al 40GaggoN/Aly 53Gag 42N structures we
observed that well thickness of 2.5 nm exhibits quantum dot formation as evidenced by 3D growth using in situ RHEED
measurements. We observe the greatest CL intensity and longest PL lifetime for these Alj40GaggoN/AlgssGagsoN
structures with this well thickness. By replacing the barriers with pure AIN we observe further enhancement of both the
CL intensity by ~ 30% and PL lifetime by a factor of 2. We interpret these observations in terms of formation of
quantum well/quantum dot regions in Al,Ga,; (N/Al,Ga; N (0.3<x<0.45, 0.53<y<I) QW structures.
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