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High performance 375nm ultraviolet (UV) InGaN/AlGaN light-emitting diodes (LEDs) were
demonstrated with inserting a heavy Si-doped GaN transition layer by metal-organic chemical
vapor deposition. From transmission electron microcopy (TEM) image, the dislocation densities
were significantly reduced due to the existence of the heavily Si-doping growth mode transition
layer (GMTL), which results in residual stress relaxation and 3D growth. The internal quantum
efficiency (IQE) of the LEDs with GMTL was measured by power-dependent photoluminescence
(PL) to be 40.6% higher than ones without GMTL. The GMTL leads to the superior IQE
performance of LEDs not only in decreasing carrier consumption at nonradiative recombination
centers but also in partially mitigating the efficiency droop tendency. When the vertical-type LED
chips (size: 1mm x 1 mm) was driven with a 350 mA injection current, the output powers of
the LEDs with and without GMTL were measured to be 286.7 and 204.2 mW, respectively. A
40.4% enhancement of light output power was achieved. Therefore, using the GMTL to reduce
dislocations would be a promising prospective for InGaN/AlGaN UV-LEDs to achieve high IQE.
© 2011 American Institute of Physics. [doi:10.1063/1.3669377]

. INTRODUCTION

Nitride-based ultraviolet light-emitting diodes (UV-
LEDs) have recently attracted great attention due to their
promising potential to replace conventional mercury-
containing lamps for some lighting applications, including
UV sensing, curing, and photocatalysis. UV-LEDs are also
used as a pumping source for developing white-light LEDs
and to solve the low color-rendering-index problem caused
by the combination of a blue LED chip with an yttrium-alu-
minum-garnet phosphor.'™ As a result, enhancing lumines-
cence and efficiency of UV-LEDs becomes more important
for these applications. For blue- and green-emitting LEDs, it
is well known that high radiative efficiency is mainly attrib-
uted to the localized states originating from the phase separa-
tion or fluctuations of the indium content in the InGaN/GaN
quantum well (QW). However, the indium concentration in
the active region of UV-LEDs is much lower than in blue or
green LEDs, which leads to less localized states because
phase separation do not easily occur at low indium concen-
tration. Besides, low indium content creates a small bandgap
discontinuity at the InGaN(well)/GaN(barrier) interface, and
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decreases the carrier confinement effect. These effects have
been shown to cause a low radiative efficiency in UV-
LEDs.* In addition, the threading dislocation (TD) density
of the GaN epilayer is as high as 10’ cm ™2 because of growth
on a lattice-mismatched sapphire substrate. The dislocations
generally act as nonradiative recombination centers that de-
grade the performance of the light emitters. UV-LEDs are
particularly sensitive to the dislocation density.”®

Recently, epitaxial lateral overgrowth (ELOG) and pat-
terned sapphire substrate (PSS) have been identified as effec-
tive methods to reduce the TD density to 10’ cm 2.°'?
However, the ELOG technique usually requires a two-step
metal-organic chemical vapor deposition (MOCVD) growth,
which decreases the production yield and results in chamber
contaminations. On the other hand, the crystal quality of the
PSS epilayer strongly depends on the pattern shape, pattern
size, and facet angle, parameters that are not easy to control
on sapphire. A growth technique employing in situ SiN, as a
nanoscale masks has been demonstrated as another choice for
reducing TDs."*'* The in situ SiNy deposited by modulating
ammonia (NH;3) and silane (SiH,) flow can be directly grown
on a nucleation layer or un-doped GaN without interrupting
the growth process. While it offers a fast and simple method
leading to TDs reduction, the SiN, shows poor heat dissipa-
tion properties and is not desirable for inclusion in LED.

© 2011 American Institute of Physics
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Therefore, in this study, we investigate an in situ growth
mode transiting technique to achieve low TD density and
high emission efficiency UV-LEDs. Unlike the in situ SiNy
method above, we doped an n-GaN layer heavily with Si to
create a growth mode transition layer (GMTL). Such a heav-
ily doped layer was expected to release the residual strain
through bending dislocations.'> Meanwhile, to prevent the
deposition of SiN,, a high Si flux was maintained during
GMTL growth process. Additionally, AlGaN barrier layers
were also used instead of GaN barrier layers to increase the
carrier confinement effect in these UV-LEDs. The effects of
inserting the GMTL in growth mode on the internal quantum
efficiency (IQE) and the device properties of the UV-LEDs
were thoroughly investigated by transmission electron
microcopy (TEM), scanning electron microscopy (SEM),
power- and temperature-dependent photoluminescence (PL),
and device performance measurements.

Il. EPITAXIAL GROWTH AND DEVICE FABRICATION

All LEDs in this study were grown on 2-in. c-plane sap-
phire substrates using an MOCVD system. Trimethylgallium,
trimethylindium, trimethylaluminum, and NH; were
employed as the reactant source materials. Bicyclopenta-
dienyl magnesium and SiH, were used as the p-type and n-
type doping sources, respectively. Prior to the growth, the
sapphire substrate was thermally cleaned in hydrogen ambi-
ent at 1100 °C. The LED was designed for a 375 nm emission
wavelength by depositing a 30 nm low-temperature (500 °C)
GaN buffer layer, a 2 yum un-doped GaN layer, a 50 nm heav-
ily Si-doped GaN layer as GMTL, a 2.5 um n-AlGaN contact
layer, an MQW active region, a 15nm Mg-doped AlGaN
cladding layer, and a 0.2 yum Mg-doped GaN contact layer.
The MQW consists of ten periods of 3 nm Ing (3Gag o7 N well
layers and 11 nm AlgosGago4 N barrier layers. The Si-doping
concentration of the n-AlGaN layer and GMTL are
4.5% 10" and 1.2 x 10*°cm > controlled by different SiH,
flow rates. A UV-LED without GMTL was fabricated as a
control sample.

The TD distribution was observed by TEM images. To
realize the growth mode transition, surface morphologies of
the n-AlGaN layer grown on the GMTL with different over-
growth times were examined by SEM. Power- and
temperature-dependent PL measurements were carried out
using a frequency-tripled Ti:sapphire laser with a wave-
length of 266 nm. The details of the excitation laser system
and PL measurement can be found in Ref. 16. Finally, the
LED wafers were processed into vertical type chips (size:
1mm x 1 mm), and LED chips with and without GMTL
were denoted as G-LEDs and C-LEDs, respectively. The
light output-current (L-I) and current-voltage (I-V) charac-
teristics of the LED devices were measured using an inte-
grating sphere detector and Keithley 2400 at room
temperature.

lll. RESULTS AND DISCUSSION

Fig. 1 shows a schematic of the UV-LED structure. The
inset of Fig. 1 shows a TEM image of the GMTL region. It is
clear that some TDs have bent or stopped propagating into
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FIG. 1. (Color online) Schematic structure of UV-LEDs. The inset shows
the TEM images within GMTL.

the n-AlGaN layer due to the existence of the GMTL. The
TDs behavior was partially attributed to the relaxation of re-
sidual stresses in the un-doped GaN by Si incorporation,'?
especially for GMTL with 10*cm™> Si concentrations.
However, compared with Ref. 15, our GMTL thickness is
too thin to fully release residual stress, which induces a
three-dimensional (3D) growth. The 3D growth may be
another possible cause of TDs bending or stopping. Based on
the observation above, the TDs were effectively reduced by
the inclusion of the GMTL.

The evolution of growth mode transition on the GMTL
with different overgrowth times is shown in Fig. 2. In
Fig. 2(a), one can see that the as-grown GMTL is associated
with GaN islands with dimensions of 100-200 nm. This indi-
cates that the GaN growth mode has made a transition from
layer-by-layer growth (2D growth) to 3D growth. The high

FIG. 2. SEM micrographs of the (a) as-grown GMTL and n-AlGaN layer
with different overgrowth times (b) 10, (c¢) 20, (d) 30, (e) 60min,
respectively.
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Si concentration changes the surface energy of un-doped
GaN during the growth process, influencing the GaN growth
mode and results in GaN island growth.17 In Figs. 2(b)-2(d),
when increasing the AlGaN overgrowth time from 10, 20 to
30 min, the AlGaN islands grow on GaN islands and start to
meet through lateral growth, similar to ELOG. After 60 min
overgrowth time, full coalescence generates a smooth sur-
face (Fig. 2(e)). Both TEM and SEM results confirm the
effects of heavy Si-doping in TD reduction are residual stress
release and 3D growth. While the GMTL thickness is insuffi-
cient to fully release stress, the TDs are reduced by lateral
growth process on GaN islands. Moreover, the TD densities
of AlIGaN with and without GMTL were evaluated by an
etch-pit-density (EPD) measurement with KOH solution, as
shown Fig. 3. The TD value of AlGaN grown on GMTL was
significantly decreased from the control sample value of
8 x 10% to 8 x 10" cm™ 2. Meanwhile, the full-width at half-
maximum (FWHM) of (002) and (102) x-ray diffraction
peaks was measured by double crystal x-ray diffraction (DC-
XRD). On comparison with the AIGaN without GMTL, the
FWHM of AlGaN with GMTL for the (002) plane dropped
from 360 to 270 arc sec. Similarly, for the (102) plane, the
FWHM value became from 460 to 380 arc sec. From the
XRD results, the AlGaN with GMTL exhibits better crystal
quality than that without GMTL because the GMTL struc-
ture suppresses the TD extensions.

FIG. 3. Typical plane-view SEM micrographs of etch pit density with KOH
etched n-AlGaN surface (a) without GMTL, (b) with GMTL.
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FIG. 4. (Color online) Internal quantum efficiency of LEDs at 20K and RT
as a function of excitation carrier density.

As described above, lower TD density UV-LEDs were
obtained by including a GMTL; the reduction of these nonra-
diative recombination centers implies that the IQE of LEDs
can be improved through this growth process. Generally, the
ratio of the integrated PL intensities measured at room-
temperature over low-temperature is expressed as the IQE
value. This IQE estimation method involves the assumption
that PL efficiency at low-temperature is equal to 100%.
However, in fact the IQE value is usually underestimated
due to the strong dependence of the PL efficiency on the den-
sity of nonradiative centers even at low-temperature. It
means the IQE value obtained by the traditional method can-
not completely reflect the true quantum efficiency. A more
accurate IQE determination method through measuring PL
spectra with varying excitation carrier density and tempera-
ture has been proposed,m’]8 our IQE data is based on this
measurement method.

Fig. 4 shows the power-dependent IQE as a function of
injected carrier density at 20K and room-temperature (RT)
for both C-LED and G-LED. The IQE is defined as the col-
lected photon numbers divided by the injected photon num-
bers and normalized to the maximum efficiency achieved at
20K. For the two LEDs, the IQE curves are very similar at
20K. At low excitation carrier density (<10"®cm ™), the
IQE increase may be attributed to the saturation of nonradia-
tive recombination centers by photo-generated carriers. It
seems that the nonradiative centers still influence the effi-
ciency at low-temperature. Moreover, the IQE decreases
with a further increase in the excitation carrier density
(>10"°cm™). This phenomenon is quite similar to
“efficiency droop,” the gradual decrease of the power effi-
ciency of LEDs as the injection current increases. Although
several mechanisms for explaining the efficiency droop have
been reported, including carrier leakage and carrier
overﬂow,lg_21 direct or indirect Auger recombination,zz’23
defects (or dislocations),>*? and the delocalization from
InN fluctuations,”® the main mechanism in the efficiency
droop still remains unclear. According to our experimental
data, we infer that the low-temperature IQE decrease at high
excitation carrier density is due to the carrier overflow and
dislocation density, which is further discussed in Fig. 5. As
the temperature increases to RT, the significant IQE
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reduction was attributed to nonradiative recombination at
defects and dislocations. In addition, the rise rate of the IQE
with increasing excitation carrier density in G-LED is faster
than in C-LED. This is because the influence of nonradiative
recombination was greatly diminished by reducing the TDs
using GMTL. The IQE of G-LED was enhanced by 40.6%
compared to that of C-LED. Furthermore, it was observed
the IQE droop degree in G-LED at RT is relatively slow in
C-LED. It may allow us to attribute the effect of TDs in
efficiency droop: at low-temperature, the contribution of dis-
locations to the IQE droop is weak, and another factor such
as carrier overflow is dominant at high excitation carrier den-
sity; at room-temperature, the droop efficiency involved with
the dislocation contribution leads to a more severe
droop trend, which can be suppressed by using low disloca-
tions G-LED.

Fig. 5 shows the PL spectra of G-LED at 20K under
three different excitation carrier densities. At an excitation
carrier density over 10'° cm73, a shoulder peak at 380 nm
appears in the spectrum and the intensity proportion of the
shoulder peak over the main peak gradually increases as ex-
citation carrier increases. The shoulder peak was attributed
to the electron overflow into p-AlGaN at high carrier den-
sity.27 Likewise, increased carrier density, which reveals the
380nm peak, corresponds to the onset of efficiency droop
(Fig. 4). It indicates that the carriers generated by high exci-
tation exceed the recombination ability in the QW and over-
flow to p-AlGaN layer, emitting 380nm wavelength
photons. Moreover, in contrast with RT, there is no extra
peak in PL spectra of G-LED even at high excitation inten-
sity, as shown in the inset of Fig. 5. A similar PL spectrum
also occurs in C-LED at 20K and RT. To summarize, the
GMTL leads to the superior IQE performance of G-LED not
only by decreasing carrier consumption at nonradiative
recombination centers but also by partially mitigating the ef-
ficiency droop tendency.

Fig. 6 illustrates the I-V characteristics of both UV-
LEDs. With an injection current of 350 mA, the forward
voltages were almost the same for both UV-LEDs. However,
for the reverse-bias case with a reverse voltage of 5.0V, the
reverse currents were 0.005 and 0.048 pA for G-LED and C-
LED, respectively. The inset of Fig. 6 shows the reverse-bias

50- G-LED at 20K | GLEDatRT 1 78010"

—~ 40- 4.45x10"

S

8 1.78x10"° N

> 30+ 1.78x10

2
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- . P 15
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FIG. 5. (Color online) PL spectra of G-LED with three different excitation
carrier densities at 20 K. In the inset, PL spectra of G-LED with three differ-
ent excitation carrier densities at RT.
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FIG. 6. (Color online) Forward-bias I-V characteristics of the C-LEDs and
G-LEDs. The inset shows the reverse-bias I-V characteristics of the C-LEDs
and G-LEDs.

I-V characteristics of the C-LED and G-LED. This signifi-
cant improvement is suggested to be originated from the sup-
pression of leakage current due to the reduction of TDs as
discussed above.

Fig. 7 presents the electroluminescence light output
power as a function of injection current for both of C-LED
and G-LED. Here all chips were Au-wire bonded and pack-
aged using the epoxy-free metal can (TO-66). Clearly, the
light output power of the G-LED is much higher than the C-
LED over the injection current range of 0 to 1000 mA. When
the vertical-type LED chips was driven with a 350 mA injec-
tion current, the output power of the LEDs with and without
GMTL were measured to be 286.7 and 204.2 mW, respec-
tively. In particular, the light output power of G-LED is
enhanced by a factor of approximately 40.4% at an injection
current of 350 mA. The inset in Fig. 7 shows the photograph
of the vertical-type G-LEDs chip lighting on.

IV. CONCLUSION

High-quality UV-LEDs were successfully fabricated
using an MOCVD system by inserting GMTL between un-
doped GaN and n-AlGaN. Cross-sectional TEM observations
revealed that the TDs in the n-AlGaN layer were effectively
reduced through residual stress relaxation and 3D growth. As
a result, the reverse-bias current of the LED with GMTL was
much smaller than that of the LED without GMTL.

800
g 6004 G-LED /./_/./'/./l
£
5}
- ®
g 400] P
¢ e
g‘ .,‘x""t
3 200 e C-LED
el
o
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0 200 400 600 800 1000
Current (mA)

FIG. 7. (Color online) LED output power as functions of injection current
of G-LED and C-LED. In the inset, photograph of the G-LEDs chip lighting
on at 350 mA.



123102-5 Huang et al.

Meanwhile, the relative light output power was found to be
enhanced by a factor of approximately 40.4% at an injection
current of 350 mA. These results suggest that the use of the
GMTL is effective at elevating the quality of GaN-based UV
emitters.
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