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We present recent progress in the growth of nitride-based laser diodes (LDs) made by plasma assisted mo-
lecular beam epitaxy (PAMBE). This technology is ammonia-free, and nitrogen for the growth is activated by
RF plasma source from nitrogen molecules. The demonstration of continuous wave blue-violet InGaN LDs has
opened a new perspective for PAMBE in optoelectronics. We demonstrate the laser diodes grown by PAMBE
operating at the range from 410 nm to 455 nm. The key factors which allow us to extend the lasing wavelength to
455 nm are (a) improvements in the growth of InGaN quantum wells with high nitrogen flux in PAMBE, and (b)
design of the laser diode structure. We also report on optically pumped lasing at 501 nm on InGaN laser struc-

tures which show that there are no intrinsic limitations in PAMBE technology for the growth of green LDs.
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1. Introduction

True blue and green nitride laser diodes (LDs) are
one of the key challenges for the epitaxy of nitrides
due to a variety of its potential applications like e. g.
TV projectors, medicine diagnostics, environmental
protection. Very recently, green LDs at 500-530 nm
have been demonstrated in nitride-based struc-
tures grown by metal organic vapour phase epitaxy
(MOVPE) either on polar, semi-polar and non-po-
lar substrate orientations [1-5]. MOVPE is a lead-
ing technology in the field of nitride structures for
optoelectronic devices [1, 2]; however, the progress
in understanding the new growth mechanism for
nitrides in plasma assisted molecular beam epitaxy
(PAMBE) hasled to the demonstration of blue-violet
laser diodes [6, 7], which in turn has renewed inter-
est in MBE technology. For ammonia-free PAMBE,
the growth mechanism is entirely different from that
in MOVPE and allows the growth of device-quality
nitride structures at temperatures lower by 300 °C
versus those used in MOVPE [6-11]. Therefore, it

is highly interesting whether PAMBE can be useful
for high In content structures required for true blue
and green emitters.

In this work, we demonstrate (a) optically
pumped lasing from single quantum well (SQW)
InGaN laser structures in the range of 409-
501 nm; (b) LDs grown by PAMBE in the range of
410-455 nm.

2. Experiment

The growth of all nitride laser structures presented
in this work was performed in a customised VG90
MBE reactor equipped with two Veeco RF plasma
sources operating at 240-450 W for 0.8-2 cm*/min
of N, flow. The pressure during growth was
1.5-7 - 10~ Torr. The substrates used were either high
pressure grown bulk GaN or bulk GaN made by hy-
drate vapour phase epitaxy (HVPE). The epi-ready
bulk substrates were prepared initially in a three-
step process of mechanical polishing, dry etching,
and deposition of a 2 um GaN : Si buffer layer in the
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MOVPE reactor. Recently, the two-step procedure is
employed, which consists of mechanical polishing
and mechano-chemical polishing. For growth, sam-
ples with different shapes were attached by indium to
two inch GaN/AlL O, templates. The back surfaces of
the two inch GaN/Al O, templates were coated with
a 0.7 ym molybdenum layer to improve the thermal
coupling for radiative heating. The typical size of
GaN bulk high pressure substrates was 4 x 5 mm?,
while bulk HVPE substrates were 10 x 10 mm®

For PAMBE, the highest quality InGaN struc-
tures on c-plane (0001) surface are grown in the In-
rich growth regime [7,9,11,12]. It was already dem-
onstrated [11, 12] that the decrease in the growth
temperature, T, by reducing the decomposition of
InN-fraction, can be used effectively to increase In
content in the layers. However, reduction of T can
deteriorate the layer quality due to the reduction of
surface adatom mobility [13]. Therefore, we pro-
pose an alternative path to achieve high In content
layers - by increase of the nitrogen flux which can
improve InN stability at higher temperatures.

3. Optical lasing

Thelaser structures for optical pumping were grown
on HVPE bulk substrates with the dislocation den-
sity of 10°-10” cm™. The structures consist of 0.5 yum
Al .Ga ,,N bottom cladding followed by a 400 nm
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Fig. 1. The details of the structure
grown for optical lasing.

GaN waveguide. The active region located in the
middle of the waveguide consists of one or three In__
Ga, N QW with a thickness from 2.2 to 3.5 nm and
10 nm In,  Ga , N barriers. The upper Al  Ga N
cladding has a thickness of 0.3 ym and structures
were capped by a 5 nm GaN layer. The details of the
laser structure are shown in Fig. 1. In Fig. 2(a), we
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Fig. 2. The photoluminescence and lasing spectra of two laser structures: (a) optimised for lasing at 409 and 472 nm,
and (b) experimental geometry with Nd:YAG pumping laser.
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threshold for two structures, with QWs optimised
for emission around 420 and 495 nm. We achieved
optically pumped lasing from these structures at
409 and 472 nm, respectively [13]. The optical las-
ing was obtained from cleaved laser stripes with
length L = 0.4-1.2 mm excited by the third harmon-
ics (355 nm) of Nd:YAG laser beam with the aper-
ture size of 0.25 mm (see Fig. 2(b) for experimental
configuration details). The laser pulses had the du-
ration of 5 ns and the repetition rate of 20 Hz. The
structure which lased at 409 nm was grown with
N flux 4.1 nm/min, while the one lasing at 472 nm
was grown with higher N flux - 6.5 nm/min,
using otherwise nominally identical growth condi-
tions. The lasing emission intensity as a function
of the pumping power is shown in Fig. 3. It is clear
that we are able to achieve lasing at 409 nm much
earlier than at 472 nm. Although better optical ef-
ficiency of QW for the 409 nm laser cannot be ruled
out, we attribute this effect primarily to the superior
light confinement in the waveguide at shorter wave-
length (same design for both lasers).
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Fig. 3. The light-power characteristics for structures las-
ing at 409 and 472 nm.

The largest available active nitrogen flux for the
nitrogen plasma source initially mounted on our
MBE system was 6.5 nm/min, sufficient to grow the
above-discussed structure lasing at 472 nm. After
upgrading the MBE system with a second RF plasma
source, the maximum nitrogen flux of 14 nm/min
became available. This allowed us to further shift the
PL emission towards the green region while main-
taining high growth temperature of InGaN. In Fig. 4,
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Fig. 4. The photoluminescence and lasing spectra at
501 nm for SQW structure with the thickness of 3.5 nm.

we demonstrate spontaneous and stimulated emis-
sion from SQW laser structures with quantum well
width of 3.5 nm grown at the highest nitrogen flux of
11 nm/min. The increase of the nitrogen flux during
the growth of the active InGaN region allowed us to
obtain a better optical quality of QWs and achieve
lasing at 501 nm [13]. This is an indication that in
PAMBE there are no fundamental limits to achieve
enough efficient QWs for long wavelength lasers.
Therefore, the laser diode design to reduce light loss-
es starts to be essential.

4. Laser diodes

Laser diode structures were grown on (0001) Ga-
polarity, conductive GaN substrates. Two types
of GaN substrates were used: (i) low dislocation
density, below 10* cm™, high pressure-grown,
and (ii) HVPE with the dislocation density of
10°-10” cm™. For the lasers at 405-420 nm, we
used the structure shown in Fig. 5. The 40 nm
GaN':Si buffer layer and 450 nm Al  Ga , N:Si
cladding were grown under Ga-rich conditions at
720 °C. The bottom waveguide, MQWs, EBL, top
waveguide, top cladding, and contact layer were
grown under In-rich conditions at 650 °C. The ac-
tive region consisted of three 3 nm In_ ,Ga N wells
with 7 nm In  Ga , N barriers. The devices were
processed as ridge-waveguide, oxide-isolated la-
sers. The mesa structures were etched to a depth of
0.3 ym. The 20 ym- wide and 500 ym-long stripes
were used as laser resonators. The oxidised Ni/Au

ohmic contacts were deposited on the top surface
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Fig. 5. (a) Transmission electron microscope image of the active region of a PAMBE laser diode. (b) Structure details.

of the devices, and Ti/Au contacts were deposited
on the backside of the highly conducting n-GaN
substrate crystal. The cleaved laser mirror facets
were coated with symmetrically reflecting mir-
rors. Figure 6(a) shows the light-current-voltage
(L-I-V) characteristics of the CW LDs with the
lasing threshold current density and voltage of
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5.5 kA/cm? and 5.7 V, respectively. Lasing was
observed up to 60 mW of optical output power
(30 mW per facet) at a wavelength of 411 nm as
indicated in Fig. 6(b) [6]. This confirms that the
growth of high quality layers by PAMBE has been
achieved - the smooth interfaces required for LDs
can be obtained as shown in Fig. 5(a).
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Fig. 6. (a) L-I-V characteristics of PAMBE-grown cw laser diode. (b) Lasing spectrum.
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Fig. 7. Structure details of SQW 455 nm laser diode.

The optically pumped stimulated emission at
501 nm was a good starting point for true blue and
green laser diodes. It is worth to stress here that not
only efficient QWs are essential for LDs, but also
the design of LDs ensuring confinement of the op-
tical modes inside the laser waveguide. For the LDs
operating at wavelengths longer than 430 nm, we
found that the crucial factor for achieving lasing is
the optimisation of claddings and the waveguide.
The details of single quantum well (SQW) LD
structure lasing at 455 nm are presented in Fig. 7.

The true blue laser diodes have been grown on
HVPE GaN substrates. In order to reduce pen-
etration of the optical modes into the HVPE sub-
strate (which has a rather low electron concentra-
tion - 5 - 10" cm™), we have grown special claddings
comprised of 2 ym heavily doped GaN':Si at the level
of 710" cm™ and 4 yum GaN/Al .Ga N super-
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lattice. The heavily doped GaN:Si having the lattice
constant close to GaN acts as plasmonic cladding
[14]. For further localisation of the optical mode in-
side the waveguide and to reduce loses in the gold p-
type contact, we also used the “optical confinement
layer” (OCL) - 80 nm of In  Ga, ,.N, and changed
the upper cladding from InGaN/InAlGaN to GaN/
AlGaN (see Fig. 7). As it comes out from theoretical
calculations, the new claddings and waveguide with
the OCL helped significantly (i) to decrease absorp-
tion of the optical modes in the upper gold contact,
and (ii) to reduce penetration of the optical modes
to the GaN HVPE substrate. Another interesting fea-
ture of SQW LDs grown by PAMBE is a relatively
small blue shift from spontaneous (at 465 nm) to las-
ing emission (at 455 nm) - Fig. 8(b). This is achieved
by employing the OCL and staggered SQWs which
reduce piezoelectric fields inside the SQW.
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Fig.8. (a) L-I-V characteristics of PAMBE-grown 455 nm SQW laser diode operating in a pulse mode. (b) Spectrum

below and above the lasing threshold.
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5. Conclusions

In this work, we demonstrated recent progress in
plasma assisted MBE technology for the growth
of nitride-based laser diodes. We presented opti-
cally pumped structures operating from 410 nm
to 501 nm and laser diodes in the spectral range
from 410 to 455 nm. As can be seen from these
results, there is no obvious barrier in extending
a MBE-grown laser diodes' spectral range into
longer wavelengths. Thus, the long-term prospects
for PAMBE in this area appear to be as good as for
MOVPE.
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Santrauka

Aprasyti naujausi pasiekimai auginant nitrido
pagrindo lazerinius diodus (LD) plazma papildomo
molekulinio spindulio epitaksijos badu (angl. plas-
ma assisted molecular beam epitaxy, PAMBE). Sioje
technologijoje nenaudojamas amoniakas, o augini-
mui reikalingg azota i§ azoto molekuliy aktyvuoja
radijo dazninis plazmos $altinis. Nuolatinio $vytéji-
mo meélynai violetiniy InGaN LD sukirimas atvéré
naujg perspektyva naudoti PAMBE elektronikoje.

Pademonstruoti lazeriniai diodai, iSauginti PAMBE
badu, veikiantys 410-455 nm srityje. Pagrindiniai
veiksniai, leidziantys pailginti lazerinés $viesos ban-
ga iki 455 nm, yra (a) InGaN kvantiniy $uliniy au-
ginimo patobulinimai esant dideliam azoto srautui
naudojant PAMBE ir (b) lazerinio diodo konstruk-
cija. Taip pat prane$ama apie optiskai zadinama laze-
ring 501 nm emisija InGaN dariniuose, o tai reiskia,
kad néra vidiniy klia¢iy iSauginti zalios $viesos LD
naudojant PAMBE technologija.
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