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ABSTRACT

GaN-based nanowire heterostructure arrays epitaxially grown on (001)Si substrates have
unique properties and present the potential to realize useful devices. The active light-emitting
region in the nanowire heterostructures are usually InGaN disks, whose composition can be
varied to tune the emission wavelength. We have demonstrated light emitting diodes and edge-
emitting diode lasers with power outputs ~10mW with emission in the 600-1300nm wavelength
range. These light sources are therefore useful for a variety of applications, including silicon
photonics. Molecular beam epitaxial growth of the nanowire heterostructure arrays on (001)Si
substrates and the characteristics of 1.3um nanowire array edge emitting lasers, guided wave

photodiodes and a monolithic photonic integrated circuit designed for 1.3um operation are
described.

Keywords: IlI-nitrides, InGaN/GaN and InGaN/InGaN dot-in-nanowires, Lasers and detectors
on (001)Si, monolithic photonic integrated circuit, molecular beam epitaxy

1. INTRODUCTION

[[I-nitride based nanowires and quantum-confined heterostructures have emerged as a
promising nanostructured technology for the development of visible light emitting diodes
(LEDs) and lasers [1]-[3]. Ga(In)N nanowires grown on (001) silicon by molecular beam
epitaxy (MBE) are relatively free of extended defects compared to planar GaN grown on foreign
substrates [4]-[9]. The nanowire geometry prevents the propagation of threading dislocations
into the active region of the heterostructure because the free surface at the nanowire sidewalls
allows for the elastic relaxation of the strain [10]. Therefore, threading dislocations generated at
nanowire/silicon interface are expected to bend toward the sidewalls near the bottom of the
nanowires (NWs) [11]. Auger coefficients measured in InGaN/GaN disks-in-nanowires are ~2-3
orders of magnitude smaller than those measured in heteroepitaxial bulk materials [12]. This is
important in the context of LED and laser efficiency at high injection currents. Achieving
emission at longer wavelengths (green and beyond) with planar InGaN quantum wells (QWs)
with high radiative efficiency is difficult. This is due to the strong polarization field and
associated quantum-confined Stark effect (QCSE) [13], the presence of compositional
inhomogeneities in the ternary alloys with high In composition [14], [15] and an increasing rate
of non-radiative recombination due to the lack of confinement of carriers in the in-plane
direction in the wells. It has been reported that the internal quantum efficiency of planar quantum
wells decreases with an increase of emission wavelength at a rate of ~ 0.6-0.7% per nanometer
[16]. In contrast, Ga(In)N nanowires and InGaN/GaN disks-in-nanowires (DNW) have reduced
strain-induced polarization field even with high In compositions. This is due to the radial strain
relaxation during their epitaxy resulting from their large surface-to-volume ratio. As a

Novel In-Plane Semiconductor Lasers XVII, edited by Alexey A. Belyanin, Peter M. Smowton, Proc. of
SPIE Vol. 10553, 1055302 - © 2018 SPIE - CCC code: 0277-786X/18/$18 - doi: 10.1117/12.2302548

Proc. of SPIE Vol. 10553 1055302-1



consequence, electron-hole wavefunction overlap is better and radiative lifetimes are smaller in
the disks [17]. Accessibility to the longer wavelengths, such as 600 nm and beyond, could then
very well emerge as the most useful attribute of nanowire heterostructures in the context of solid
state lighting.

Current white light sources in solid state lighting require the use of rare-earth doped
phosphors, e.g. for the conversion of blue light to the yellow-red spectral range [18]-[22]. Such
conversion is inevitably accompanied by a variety of losses and is limited by long-term
reliability [16], [23]-[25]. Combining multiple colors with the same material system, either as
direct emitters (R-G-Y-B) or as a combination of internal converter and emitter, is an attractive
alternative. InGaN ternary alloys with different In compositions cover the entire visible range in
bandgap from blue to red emission. Therefore, they could in principle, provide a white light
source with any desired color coordinates and color temperature [2], [3], [26], [27]. Increasing
the In composition in the InGaN disks in GaN nanowires further can result in near-infrared
(near-IR) emission which is important for silicon photonics. However, before these important
applications could be realized, the epitaxy and optical properties of the nanowire heterostructures
had to be characterized and optimized. While it has been reported that the surface recombination
velocity of GaN nanowires is smaller than that of GaAs by 2 orders of magnitude [28], the
injected carriers would encounter a large area of nanowire surface with a detrimental effect on
the radiative efficiency [29], [30]. Due to their large surface-to-volume ratio and the presence of
surface states on the nanowires, there can be substantial nonradiative recombination of carriers
through these states—Ieading to reduced radiative efficiency. Hence, surface passivation of
nanowires is likely to play a significant role in the improvement of the radiative efficiency of the
Ga(In)N disks and nanowires.

The epitaxy and properties of dot-in-nanowire heterostructure array visible LEDs and
lasers, and nanowire converter white LEDs have been extensively reported by us in previous
publications [31]-[33]. Here, we will focus on describing the characteristics of near-infrared 1.2
and 1.3um nanowire diode lasers and the monolithic integration of the lasers with nanowire
detectors and passive waveguides to form a photonic integrated circuit.

2. 1.2uM DISK-IN-NANOWIRE DIODE LASERS

The laser heterostructure consists of IngssGag 5N disks in the active region as shown in
Fig. 1. The monolithic InGaN/InGaN disks-in-
nanowire array p-i-n heterostructures were grown on 150nm p-GaN . >N
n-type (001)Si by plasma-assisted molecular beam - : InGaNy
epitaxy (PA-MBE). The growth was carried out in a > ::Ej?;iao[;ﬁ Téf:; gr:gr:lth ‘G'N
nitrogen rich environment with a fixed nitrogen

plasma flowrate of 1 sccm. First, 260 nm of Si-

150 nm Graded cladding layer
from

doped n-type GaN nanowire was grown. This was n-GaN to n-In, ;Ga, ;N in 10
followed by a n-type 150 nm graded cladding layer steps
from GaN to Ing4GageN in 10 equal steps. The steps 260 nm n-GaN

were equal both in terms of composition and L
thickness. Then eight pairs of undoped InggsGag 15N T
(3nm) disks/ Ing4GageN (12 nm) barrier were grown Figure 1: Full laser heterostructure
incorporating (a) InggsGag sN disks-in-
nanowires emitting at near-infra red. Inset
shows schematic of one nanowire.
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which is the active region. After that a 150 nm Mg-doped p-type GaN layer was grown. A
substrate temperature of 819°C was used to grow the n-doped GaN region under nitrogen rich
conditions with a Ga flux of 1.17x10” Torr. The substrate temperature was then varied from
819°C to 631°C to grow the n-doped graded layer. Throughout the graded layer the Ga and In
fluxes were fixed at 1.1x10” Torr and at 4.03x10™® Torr, respectively. The substrate temperature
was lowered to 442°C for the growth of the InGaN disks. The disks were grown at with In flux
of 6.04x10™® Torr and Ga flux of 2x10™ Torr. The substrate temperature was kept constant at
442°C for the InGaN barriers, but the In and Ga fluxes were changed to of 3.01x10™® Torr and
1.1x107 Torr, respectively. Then the substrate temperature was increased to 800°C for the
growth of the p-GaN region. The p-GaN was grown
with a Ga flux of 9.63x10™ Torr. A higher Mg flux
was used to increase the p-doping level at the final
20nm of p-GaN layer.

A combination of reactive ion etching,
photolithography and planarization with parylene has
been used to fabricate edge-emitting broad-area
nanowire lasers. Parylene also acts as a passivation
material to the nanowire and disk regions which
increases the relative IQE by ~ 10-12% [34]. The
laser width was defined to be 50 um in a ridge
geometry by using two-step mesa etching. The n-contacts were formed using Al/Au
(50nm/200nm) on the Si substrate surface. Such a device is shown in Fig. 2.

5.0kV 6.5mm L-x1.20

Lasers of !epgths V.arylng from 0.5 to 2 mm Figure 2: SEM image of the fabricated
were defined by d1c1.ng. This was follpyved by foqused nanowire lasers with Ing ssGag 5N as the disk
ion beam (FIB) etching and the deposition of 2 pairs of material.

MgF,/ZnSe (235nm/130nm) distributed Bragg reflectors (DBRs) to achieve a facet reflectivity of
0.68 at both ends. Measurements were made on 50 um x 1 mm lasers to determine the light-
current-voltage (L-I-V) characteristics using pulsed (5% duty cycle) bias conditions to avoid
device heating. No specialized heat sinking or device mounting techniques were used. Figure
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Figure 3: (a) Light-current characteristics of a broad area laser. Top inset shows a near-field image of the
laser mode superimposed with the laser heterostructure schematic, and the bottom inset shows
electroluminescence spectrum above threshold. (b) Temperature dependence of the threshold current
density.
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shows the output characteristics measured at room temperature below and above threshold. A fill
factor of 0.85 of the nanowire ensemble and the nanowire area density were used to measure the
threshold current density (J,), which was found to be 1.24 kA/cm®. A differential efficiency ng =
0.13 W/A (12.8%) and a wall-plug efficiency of 0.07% were also derived from the L-I-V data.

The variation of the threshold current density with temperature was also measured to
determine the temperature stability of these lasers. These measurements were done under pulsed
bias (5% duty cycle) conditions with the help of a Peltier cooler. The measured variation is
shown in Fig. 3(b). The data were analyzed with the relation: Ji(T) = Jimo.exp(T/To) which results
in a Ty value of 242K. This value of Ty is significantly higher than those of 1.0um quantum well
GaAs-based lasers and is comparable to values of T, of visible III-nitride nanowire lasers [32],
[35]. This clearly indicates that the nanowire lasers are very promising in terms of temperature
stability. It is likely that the high value of Ty is a result of the large band offsets in the quantum
disk heterostructure, which reduces carrier leakage.

3. 1.3uM NANOWIRE DIODE LASERS AND DETECTORS

Figure 4(a) shows 10 m p-GaN
o 5 40 nm p-GaN
a graded refractive index | —— e
separate confinement :
heterostructure ~ (GRIN- [ 75 mm pingssGage (Layer 2)
SCH) for nanowire arrays | —20mMdSaoel (Layer 1
. 4x InN disks (6nm) with
grown on (001)St1 Ing (GageN (12nm) barriers

15 nm Ing 4GageN (Layer 10)
SubStl‘ateS for 1.3 wm 15 nm n-Ir::%Goa:mN (Layer 9)

lasers. The  nanowire :
. 15 - G N (L 1
heterostructure is  very Do oi 580 (Laver )

similar to that for the 10 nm n*-GaN
> (001)Si substrate

158

1.2um laser. Graded (a) (b)
. Figure 4: (a) InN/InGaN/GaN nanowire laser heterostructure, (b) SEM
InyGaxN cladding layers image of nanowire heterostructure array.

(0<x<0.4) were placed on both sides of the active region to improve the strain characteristics and
the optical confinement. The gain region consists of 4 InN disks of thickness 6nm surrounded by
12nm Ing4Gag¢N barriers, which was grown at 489°C and the surrounding graded region was
grown at substrate temperatures varying from 631°C (Ing4GaoeN) to 819°C (GaN). The
heterostructure was designed without an electron blocking layer (EBL). From earlier fabrication
it was observed that the electrical characteristics of the fabricated laser diodes having 15 nm
Alp15GaggsN EBL were substantially inferior to those without the EBL. From scanning electron
microscope (SEM) images the height, diameter and density of the nanowires are estimated to be
~ 700 nm, ~ 60 nm, and ~ 3.2x10'° cm™. Such a SEM image is shown in Fig. 4(b). From these
values the fill factor is estimated to be 0.91 for the nanowires.

Low temperature (13K) and room temperature (300K) photoluminescence (PL)
measurements were made on the half laser heterostructure. In these half laser heterostructures
growth was terminated after four periods of InN disks and Ing4GageN barriers and grown with
the optimized parameters described earlier. The spectra recorded at 13K and 300K are illustrated
in Fig. 5. An approximate value of the radiative efficiency (n,) of 67% is estimated from the PL
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peak intensities at 300K and 13K, assuming that non-radiative recombination channels are frozen

at the latter temperature [36].

Steady state measurements were made on the
discrete nanowire lasers mounted on a copper block
without any additional heat sinking. The laser
temperature was maintained at the ambient temperature
(~300K) with active biasing using a Peltier cooler.
Figure 9 shows the light-current (L-I) characteristics of
a broad area (50 um x 1.5 mm) laser measured in both
continuous wave (cw) and pulsed bias mode (20 ps
pulses, 1% duty cycle). The slope efficiency is slightly
higher for the pulsed biasing mode compared to the cw

mode and found to be 0.12 W/A. Spectral measurements
of the laser output were also performed and the output at
a bias of I;yj=1.2Iy is shown in the inset of Fig. 6(a). The
peak emission wavelength is at 1.33 pm. There is
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Figure 5: Measured room temperature and
low temperature photoluminescence spectra
obtained from a nanowire array sample.
Growth was terminated after the InN disk
based active region for this sample.
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Figure 6: (a) Measured output light-current (L-I) characteristics of edge-emitting InN/InGaN/GaN dot-in-
nanowire laser diode. Inset shows the electroluminescence spectrum above threshold, (b) High frequency
response of an edge-emitting 1.3um nanowire laser at different bias currents. The values of currents shown are
above the threshold current. (c) Resonance frequency variation as a function of square root of injection current
as determined from b.

clearly a strong blue shift of this EL emission compared to the PL emission peak which was
measured at ~1.6 um. This is believed to be due to the injection-related quantum confined Stark
effect.

Small-signal modulation measurements have been performed on discrete 5 pm x 500 um
ridge waveguide lasers. The modulation response was measured with a Hewlett-Packard 8350B
sweep oscillator, Hewlett-Packard 83599A RF plug-in, bias T, low-noise amplifier, Newport
high speed detector and Hewlett-Packard 8593A spectrum analyzer. Figure 6(b) shows the
frequency response for varying CW injection currents (I-Iy). Each point represents the peak
value of the spectral output at the corresponding frequency. The solid curves represent calculated
modulation response in accordance with a response function incorporating damping limited
operation. The data have been analyzed with the response function,
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where f; is the resonance frequency and v, is the damping factor. From this measurement, a -3dB

modulation bandwidth of 3.0 GHz has been derived for an injection current of (I-Is,) = 8.5 mA.

Figure 6(c) shows a plot of f, versus (I-Iy)"?, from which a slope of 0.33 GHz/(mA)" is derived.

This value of slope is used to calculate the differential gain dg/dn in accordance with the relation,
1

d 2
f 1 Vgr(l_lth)ﬁnr ]2
. —_

= 52
2r Vactq (5-2)

Here I' is the mode confinement factor, n, is the radiative efficiency, v, is the photon group
velocity and V, is the active volume of the gain medium. Transfer-matrix-element method
based simulations have been performed to determine the value of I'. It has been found that I' =
0.0137. The simulation assumes the laser as a planar device, which is evident from plane wave
propagation based simulations described earlier. The value of m, is taken to be 67% as

determined from the PL measurements. The value of dg/dn is then calculated to be 2.9x107'°
2
cm’.

4. MONOLITHIC PHOTONIC INTEGRATED CIRCUIT

Discrete guided wave dot-in-nanowire

photodiodes were also measured in order to determine 300l T L,

their performance characteristics. To measure the z

photocurrent spectra of these photodiodes, they were <

reverse biased and end-fired with light from a broadband E 2001

source dispersed by a 0.125m CM110 monochromator g

with a spectral resolution of 0.2nm. The spectral g 100}

measurements were performed at room temperature. The &

value of the reverse bias applied to the photodiode was 0 P e S

varied to understand the evolution of the photocurrent L
Incident Photon Energy (eV)

spectra with bias. The value of the photocurrent was Figure 7: Photocurrent spectra of

measured with a Keithley 6487 picoammeter having a nanowire based photodetectors.

resolution of 1 pA. Figure 7 shows the measured spectra. Several shoulders and peaks can be
observed at energies close to the absorption edge.

The fabrication of the photonic integrated circuit follows near-identical steps. This has
enabled us to fabricate both the laser and the detector on the same chip thus forming the photonic
integrated circuit. The dielectric waveguide in between the nanowire laser and detector is formed
by selective etching of the nanowires and deposition of 400 nm SiO, followed by 400 nm of
Si3N4. The multilayer waveguide has relatively small waveguide loss. For the laser, the facet
away from the waveguide was made reflective by FIB etching and subsequent deposition of
MgF,/ZnSe DBR layers and the facet coupled to the waveguide was made reflective with 4 pairs
of air/nanowire-paralyne DBR layers, also formed by FIB etching (shown in the inset of Fig.
8(a)). For the detector, ~220 nm of anti-reflective SiO, was deposited on the facet not coupled to
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the waveguide. The coupling grooves between the waveguide and the two active devices are
~5um. The complete photonic circuit with sections of the laser and detector along with the
waveguide can be seen in Fig. 8(a).

The —_—

L
o

variation  of g:: T /.
the  detector = '
photocurrent g ,
along with the g 1.2+ .
laser injection 3wl l ]
current can be ?6- ;
seen in Fig. g 04r R
8(b). For this g 00 00 200 300 400
measurement, 2 = Injection Current (mA)

the laser has (a) (b)

Figure 8: (a) SEM image of [II-nitride nanowire array photonic integrated circuit
. fabricated directly on (001)Si showing all the major components of the circuit. A magnified
with a dc pulsed image of the air/nanowire DBR mirror is shown in the inset. (b) Variation of photocurrent
(20 ps pulses, of the photodiode as a function of laser injection current. Both optoelectronic devices are
1% duty cycle) parts of the same photonic integrated circuit.

been excited

injection bias. The photocurrent response of the detector to the light emitted by the laser and
coupled to the waveguide between the two devices has been recorded. The detector was kept at a
reverse bias of -1V. For this measurement, both the laser and detector used have a width of 50
um, and they have a length of 2 mm and 1 mm, respectively. The SiO,/SizN4 waveguide in
between is 200 um long and 50 um wide. The photodiode reverse saturation current follows the
laser light-current characteristics quite well. A 10-fold increase (0.2pA to 2pA) in the reverse
saturation current of the photodiode has been measured. It is expected that the light coupled into
the photodiode can be substantially increased by improved design and fabrication. Better FIB
techniques and facet coating can also improve the amount of light coupling.

5. CONCLUSION

GaN-based InGaN/GaN disk-in-nanowire arrays grown on silicon substrates have
properties which can be exploited to realize optoelectronic devices for silicon photonics and
other applications. We have described here the epitaxial growth, fabrication and properties of
discrete nanowire array diode lasers and detectors and a monolithically integrated photonic
integrated circuit in which the two active devices are integrated with a passive dielectric
waveguide.
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