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A violet laser diode (LD) structure is grown on a free-standing c-plane GaN substrate and 4 pmx800 pum ridge

waveguide LDs are fabricated. The electrical and the optical characteristics of LDs under different facet-coating and

chip-mounting conditions are investigated under pulse mode operation. The active region temperatures of p-side up

and p-side down mounted LDs are calculated with different injection currents. The calculated thermal resistances of
p-side up and p-side down mounted LDs are 4.6 K/W and 3 K/W, respectively. The threshold current of the p-side
down mounted LD is much lower than that of the p-side up mounted LD. The blue shift of the emission wavelength

with increasing injection current is observed only for the LD with p-side down mounting configuration, due to the more

efficient heat dissipation.
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1. Introduction

Since the first GaN-based laser diode was demon-
strated by Nichia,[!! its investigations have been the
focus of III-V nitride semiconductors and devices.
GaN-based LDs have light spectra in a wide range
from 342 nm to 500 nm.23] UV LDs have important
applications in biotechnological, medical and pharma-
ceutical fields.[* =% Violet LDs have been commercially
used in high-density optical data storage systems. The
blue and underdeveloped pure green LDs are promis-
ing light sources for RGB (red, green, blue) full colour
laser projection displays.!”]

Previously we demonstrated the continuous-wave
operation of GaN-based violet LDs grown on c-plane
sapphire substrate.[®l However, their final yield was
low because of the complexity of the fabrication pro-
cess and the difficulties in cleaving and p-side down
On the
other hand, the low thermal conductivity of sapphire

mounting of LDs on sapphire substrate.

substrate results in a high thermal resistance and
a short lifetime of the device. These problems do

not happen to the homoepitaxially grown LDs on

free-standing (F'S) GaN substrate.
days nearly all of the high performance and commer-

In fact, nowa-

cially available GaN-based LDs are grown on FS—GaN

[9-11 Based on the research on epitaxial

substrates.
growth, device design and fabrication techniques, we
demonstrate here pulse current injection violet LDs
on FS—GaN substrate. The characteristics of LDs on
FS—-GaN substrate are carefully investigated for the
devices under different facet coating and chip mount-

ing conditions.

2. Experiment

A Thomas Swan 3x2” close-coupled shower-
head reactor metalorganic chemical vapour deposition
(MOCVD) system was used to grow the LD structure.
TMGa, TMAI, TMIn, CP;Mg, SiH4; and ammonia
were used as precursors. The growth process was con-
trolled by an in-situ optical reflectometry monitor.

The epitaxial layer structure is composed of a
1 pm thick AlGaN/GaN:Si superlattice (SL) cladding
layer, a 0.1-pym thick unintentionally doped GaN
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waveguide layer, an Ing 1 Gag oN/Ing 02Gag.osN MQW
structure consisting of five 3-nm thick undoped
Ing.1Gag 9N well layers separated by six 8-nm thick
Si-doped Ing.g2Gag.9sN barrier layers, a 20-nm thick p-
type Alg.oGag gN:Mg electron blocking layer, a 0.1 ym
thick unintentionally doped GaN waveguide layer, a
0.4 pm thick AlGaN/GaN:Mg SL cladding layer, and
a 20-nm thick p-type GaN:Mg contact layer. The aver-
age Al compositions of the n-type and p-type cladding
layers determined by x-ray diffraction are 8% and
6.7%, respectively. The light absorption coefficient of
unintentionally doped GaN is much lower than those
of Si-doped and Mg-doped GaN.['213] The results of
waveguide simulation show that the internal absorp-
tion loss is greatly reduced by undoping of the waveg-
uide layers.[14]
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Fig.1. Schematic diagram of ridge-waveguide LDs based
on FS-GaN substrates.

A schematic diagram of the LDs based on FS—
The fabrication

process of LDs on FS—-GaN substrate is rather sim-

GaN substrates is shown in Fig.1.

ple compared with that of LDs on sapphire substrate.
Firstly, a 4-um-wide ridge stripe along the (11 — 20)
direction of the substrate was formed by dry etching
to a depth of about 0.4 pm. Secondly, SiOy was de-
posited on the surface and a window for p-type Ohmic
contact was formed by wet etching. Thirdly, Ni/Au
was evaporated onto the p-type GalN contact layer
and annealed as a p-electrode. Fourthly, the substrate
was thinned and polished to be less than 150 pm and
Ti/Al/Ti/Au were evaporated onto the backside of the
substrate as an n-electrode. Finally, the wafer includ-
ing epitaxial film and substrate was cleaved along the
a{11-20} plane. The cavity length was 800 ym. To re-
duce the threshold current, the front and rear facets of
the cavity were coated with quarter-wave TiO2/Si04
dielectric multi-layers with reflectivities of 70% and
90%, respectively.

The epitaxial film and GaN substrate have the
With this ad-
vantage, nearly all the obtained cleaved facets of LDs

same orientations of cleavage plane.

based on FS—-GaN substrate are mirror-like as shown
in Fig.2. As a contrast, in the case of LDs grown
on sapphire substrate, most of the cleaved facets are
jagged with a lot of striations, and mirror-like facets
are very hard to obtain by cleaving.['5:16]
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Fig.2.
cleaved laser facets of LDs grown on FS—-GaN substrate.

Secondary electron microscopic images of the

3. Results and discussion

The light output intensity as a function of in-
jection current (L—I) and the voltage—current (V-I)
characteristics were tested for three kinds of LDs: (i)
two LDs (named LD A and LD B) that were mea-
sured by metal probes without packaging; (ii) the
above-mentioned LDs whose front and rear facets were
coated with dielectric films (named LD A’ and LD B),
which were also measured by metal probes without
packaging; (iii) the LDs mentioned in (ii), which were
mounted p-side up (for LD A’) or p-side down (for
LD B’) on the copper heat sinks (named LD A” and
LD B”). All measurements below were carried out
under pulse mode operation with 300 ns width pulse
and 0.06% duty cycle.

Figures 3(a) and 3(b) show the L-I curves of LD
A and LD B and those after facet coating and chip
mounting, respectively. The threshold currents of LD
A and LD B are reduced from 328 mA and 320 mA
to 270 mA (LD A’) and 275 mA (LD B’) after facet
coating, respectively. The threshold currents of LD A"
and LD B” were 252 mA and 234 mA, respectively. A
reduction in threshold current was realized by both
p-side up and p-side down mounting because the heat
generated during operation was transferred to the heat
sinks. The threshold voltages of LD A” and LD B”
are 17.1 V and 17 V, respectively. The relatively high
voltage operation of these LDs may originate from the
un-optimized growth conduction of the p-type layers.
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Fig.3. L-I and V—I characteristics of (a) LD A,

under pulse mode operation.

The self-heating effect of GaN-based LDs will
cause an increase of threshold current, which is espe-
cially serious when the operation voltage is relatively
high. The active region temperatures of LD A” and
LD B” were calculated by the finite element method
with a two-dimensional model. The calculations were
made with a pulse duration time of 300 ns. Figure
4 shows the active region temperatures of LD A” and
LD B” when the injection current ranges from 230 mA
to 290 mA. The active region temperature of LD A" is
higher than that of LD B”. At the current of 252 mA
the active region temperature of LD A” is 319.9 K,
while that of LD B” is 313.3 K. The slope of the tem-
perature versus current curve of LD B’ is smaller than
that of LD A”. This indicates that the thermal resis-
tance of LD B” is smaller than that of LD A”. The
calculated thermal resistances of LD A” and LD B”
are 4.6 K/W and 3 K/W, respectively. The p-side
down chip mounting results in a more efficient heat
dissipation because of the much shorter distance be-
tween the active region and the heat sink. Therefore,
the threshold current of LD B” is much lower than
that of LD A”.
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Fig.4. The active region temperatures of LD A” and LD B”
when the injection current ranges from 230 mA to 290 mA.
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Figures 5(a) and 5(b) show the stimulated emis-
sion spectra of LD A” and LD B” at different injec-
tion current values under pulse mode operation, re-
spectively. As shown in Fig.5(a), one fundamental
transverse mode emission peak of LD A’ is observed
at a current of 255 mA with a peak wavelength of
415 nm and full width at half maximum (FWHM)
of 0.5 nm, while two emission peaks appear at the
currents 272 mA and 290 mA. The difference in en-
ergy between the two peaks is 18.4 meV. The multiple
emission peaks may originate from the higher order
mode operation together with the fundamental mode
at higher injection current.[®l

The emission spectra of LD B” in Fig.5(b) are dif-
ferent from those of LD A”. At a current of 238 mA,
single transverse mode emission is observed with a
peak wavelength of 414.5 nm and FWHM of 0.5 nm.
Unlike LD A”, a clear blue shift of the peak emis-
sion wavelength of LD B” is observed with increas-
ing injection current. At the currents of 252 mA and
265 mA, the peak emission wavelengths are 413.3 nm
and 412.3 nm, respectively. The blue shift is stopped
when the injection current is larger than 265 mA. Nor-
mally, the blue shift of LDs grown on c-plane substrate
with the increase of injection current is assumed to be
generated by the energy band filling effect and the
screening of the piezoelectric effect.[!”) This is just the
case for LD B”. However, in the emission spectra of
LD A” such a blue shift was not observed, which may
be due to the fact that LD A” operates at a relatively
high active region temperature and it increases with
current faster than the LD B”, which can be seen in
Fig.4. The thermally induced red shift cancels the

blue shift induced by increasing current injection.
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Fig.5. Stimulated emission spectra of LD A’ (a) and LD B” (b) at different injection current

values under pulse mode operation.

4. Conclusion

A violet LD structure is designed and grown on a c-plane FS—-GaN substrate. The 4 pmx800 pm ridge

waveguide LDs are fabricated with cleaved mirror-like facets. The p-side down mounting makes heat dissipation

more efficient, thereby reducing the operation temperature of the active region, the thermal resistance and the

threshold current. The blue shift of the emission wavelength with increasing injection current, which is observed

only for the p-side down mounted LD, indicates that its active region temperature is lower and its increase with

the increasing current is slow compared to that in the p-side up mounted LD.
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