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Enhanced deep ultraviolet luminescence from AlGaN quantum wells grown
in the three-dimensional mode
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We report a significant improvement in the room temperature cathodoluminescence efficiency of
AlGaN quantum wells when the three-dimensional growth mode is induced by reduced flux of
ammonia. We interpret this observation in terms of formation of quantum dots of AlGaN in
Al0.45Ga0.55N wells. Reflection high electron diffraction images and detailed measurements of the
cathodoluminescence intensity, linewidth, and wavelength as a function of growth conditions are
consistent with the presence of quantum dots. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2128485�
There has been significant recent progress in achieving
very short emission wavelength in light emitting diodes
�LEDs� based on alloys of AlxGa1−xN.1–10 Output powers on
the order of a milliwatt4,9,10 and good spectral purity have
been obtained using a variety of growth methods and active
region designs. Nevertheless, external quantum efficiencies
of these devices continue to be low, on the order of 1%,10

due to two major factors. One is the high density of thread-
ing dislocations propagating into the active region from the
substrate-device interface.9 The other is poor internal quan-
tum efficiency of wide band gap AlxGa1−xN quantum wells.

It is well known that the internal efficiency of quantum
wells of InGaN is enhanced by formation of InN-rich quan-
tum dots �QDs�.11 These QDs are formed by self-assembly
because of poor miscibility between GaN and InN, leading to
phase separation in InGaN. QDs of GaN can be formed by
inducing a growth mode change, from two-dimensional �2D�
to three-dimensional �3D�, by applying Si anti-surfactant12,13

or by relying on residual strain in the well material.14,15

Much less is known about QDs in AlxGa1−xN. Hirayama
et al.13 reported growth of AlxGa1−xN �0.01� � �0.05�
QDs on Al0.38Ga0.62N using Si anti-surfactant. However, they
observed decreasing luminescence efficiency with increasing
AlN content in the well.

In this letter we describe a significant improvement in
the room temperature cathodoluminescence �CL� efficiency
of Al0.45Ga0.55N/Al0.55Ga0.45N quantum wells �QWs� when
the 3D growth mode is induced by reduced flux of ammonia
in the growth of wells. Our results, interpreted in terms of
QD formation in Al0.45Ga0.55N wells, should result in im-
proved quantum efficiency of deep UV LEDs.

All structures used in this study were grown by gas
source molecular beam epitaxy with ammonia on �0001� sap-
phire substrates. Growth began with 30-min-long nitridation
of sapphire, at 900 °C, followed by a 150-nm-thick AlN
buffer layer grown at �860 °C. Next, a 70-nm-thick un-
doped barrier layer of Al0.55Ga0.45N was grown at 820 °C.
This thickness was sufficient to reach a 2D growth mode
with 1�1 surface reconstruction, as confirmed by streaky
reflection high energy electron diffraction �RHEED� patterns.
The growth continued with a QW structure consisting of five
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pairs of Al0.45Ga0.55N wells �nominally 2 nm thick� and
Al0.55Ga0.45N barriers �nominally 5 nm thick�. QW structures
were grown at temperatures between 755 and 840 °C. The
growth time of wells and barriers was kept the same for all
structures, 20 and 50 s, respectively. All the structures were
completed with a 10-nm-thick cap layer of AlN.

The barriers were grown with an ammonia flux of 20
sccm, corresponding to beam equivalent pressure of 1.5
�10−5 Torr. All the barrier layers were grown in 2D growth
mode, as demonstrated by the RHEED pattern of Fig. 1�a�.
In our previous studies, the wells and barriers were grown
under the same ammonia flux of 20 sccm and in the 2D
growth mode.1,2,6 LEDs grown with this process produced
�280 nm light with the power output of 160 �W.16 In the
present study the ammonia flux used in the growth of wells
was varied between 15 and 4.5 sccm, 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 a substrate tempera-
ture of 795 °C. At the ammonia flux of 6.5 sccm we start to
observe spots in the RHEED pattern, as shown in Fig. 1�b�.

FIG. 1. Variation of the RHEED patterns during the growth. �a� Two-
dimensional grown barrier at 20 sccm of ammonia, �b� 2D-3D grown well at

6.5 sccm of ammonia, �c� 3D grown well at 5.5 sccm of ammonia.
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With the ammonia flux reduced to 5.5 sccm the RHEED
patterns become quite spotty. This behavior of the RHEED
pattern is typical of growth mode change from 2D to 3D.17

Well growth could not be continued for ammonia fluxes be-
low 4.5 sccm. It should be noted that for all ammonia fluxes
used for well growth the RHEED pattern of the barrier layer
recovers 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. While the barrier-well inter-
faces are flat, the well-barrier interfaces are rough.

Transition from the 2D to 3D mode, induced by reduced
flux of ammonia, has a dramatic effect on the CL intensity.
Figure 2 shows the evolution of the CL intensity as a func-
tion of the flux of ammonia for a set of QW structures grown
at 795 °C. A maximum CL intensity was obtained at ammo-
nia flux of �5.5 sccm. This should be compared to the CL of
the same structure grown under ammonia flux leading to 2D
growth, i.e., greater than 7 sccm. The CL intensity at low
ammonia flux is enhanced by a factor greater than 10. The
CL spectrum, shown in the inset of Fig. 2, shows only emis-
sion at �280 nm. Emission from the barriers is not visible,
indicating excellent carrier capture efficiency, and we do not
observe any deep level emission. The peak in CL intensity is
quite narrow, even a small change of ±0.5 sccm in the flux of
ammonia results in significant reduction in the CL emission.
Similar dependence on the ammonia flux is observed for
structures grown at different temperatures, as discussed
below.

A detailed dependence of the CL emission intensity,
wavelength, and linewidth on the growth temperature is il-
lustrated in Fig. 3 for two fluxes of ammonia. With the am-
monia flux set at 5.5 sccm, resulting in a 3D growth mode,
the CL intensity reaches a maximum at the growth tempera-
ture of 795 °C, as illustrated in Fig. 3�a�. The intensity de-
creases by a factor of 2 for temperature deviation of ±15 °C.
With the ammonia flux fixed at 6.5 sccm, corresponding to a
transition between 2D and 3D growth modes, the CL inten-
sity peaks within a narrower range of temperatures, less than
±10 °C, centered on 810 °C. While the intensity dependence
on the growth temperature is qualitatively similar for the two
fluxes of ammonia, the CL wavelength dependence is very
different. Structures grown with the ammonia flux of 6.5
sccm exhibit CL emission close to 280 nm and weak wave-
length dependence on the growth temperature. This suggests

FIG. 2. Room temperature CL intensity of Al0.45Ga0.55N/Al0.55Ga0.45N QWs
vs an ammonia flux. The inset shows CL spectrum of QW grown in 3D
growth mode at optimal flux of ammonia of 5.5 sccm.
that there is no change in either the well thickness or com-
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position. In contrast, structures grown with 5.5 sccm show a
weak redshift of �4 nm for low growth temperatures and a
pronounced blueshift of �20 nm at high temperatures. While
the slight redshift may be due to the slight increase in the
well thickness, the origin of the blueshift is more compli-
cated. A blueshift could be produced by a decrease in the
well thickness due to evaporation of Ga at high temperatures
and the resulting increase in the effective AlN content in the
well. A calculation of the blueshift in the emission wave-
length shows that the well thickness would have to be re-
duced from 2.4 nm at 795 °C to 0.8 nm at 820 °C, assuming
no change in composition. Such a change in thickness is
inconsistent with our growth rate—growth temperature data
for thick AlxGa1−xN with 0.45� � �0.55. We also know
that the intentional reduction in the well thickness, without
the change in the growth mode, does not result in an increase
in the CL efficiency, despite increased overlap between elec-
tron and hole wave functions.18 Furthermore, an increase in
the average AlN content in the well cannot occur without a
change in the growth rate, since this could happen only by
the evaporation of Ga. The observed blueshift can be ac-
counted for by formation of 3D structures in the wells, quan-
tum dots. Formation of quantum dots is known to result in a
blueshift, the magnitude of which depends on their size and
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FIG. 3. Room temperature CL peak intensity �a�, position �b�, and FWHM
�c� vs growth temperature.
composition.
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Another interesting aspect of the optical properties of
QWs grown in the 3D mode is the reduced linewidth of the
CL emission. Figure 3�c� shows the temperature dependence
of the CL linewidth, full width at half maximum �FWHM�,
of two sets of samples. The lowest linewidth of 170–175
meV is reached in samples grown in the 3D mode at 5.5
sccm of ammonia and the growth temperature of 785–
795 °C. This is the temperature corresponding to the highest
CL emission intensity. This type of dependence on growth
temperature, with a clear minimum in FWHM and a corre-
sponding maximum in the intensity, is never observed for
ammonia fluxes greater than 6.5 sccm or lower than 5.5
sccm. The CL linewidth of structures grown under mixed
2D-3D conditions is larger and less sensitive to growth tem-
perature, as illustrated in Fig. 3�c�. Lower temperature sen-
sitivity of structures grown in mixed 3D-2D mode would
imply the onset of quantum dot formation. The linewidth
reduction in structures grown in the 3D mode cannot be at-
tributed to flatter interfaces between wells and barriers since
our RHEED data show that the well-barrier interface is
rough. Another possibility might be formation of inversion
domains resulting in increased CL intensity and reduced
linewidth.20,21 However, formation of such domains should
result in a 3�3 or 6�6 surface reconstruction at low tem-
peratures, that could be observed in RHEED pattern upon
wafer cooldown to �300 °C.21 This possibility can be ex-
cluded since only a 2�2 reconstruction, corresponding to
single domain layers, is observed in low-temperature
RHEED images of our structures. On the other hand, the size
of QDs, their size distribution, and density are determined by
trade-offs between growth temperature and surface kinetics
and the observed dependence could be explained in these
terms. While the formation of QDs is consistent with our
data, more structural information about QD ensemble size
and size distribution are needed to interpret the CL
wavelength/linewidth, if not considering quantized states of
QD structures. The atomic microscope studies of bare dots
are under way right now. We are also studying time resolved
photoluminescence of these structures to determine the cor-
relation with the growth trend. However, irrespective of the
mechanism, the CL enhancement observed for growth at low
III/V ratios is very significant and of interest in UV light
sources.

In summary, we observe a significant increase in the 280
nm CL emission from QW structures of AlGaN upon transi-
tion to 3D growth. We interpret this observation in terms of
formation of quantum dots of AlGaN. This is supported by

RHEED images and detailed measurements of the CL inten-
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sity, linewidth, and wavelength as a function of growth
conditions.
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