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 
Abstract— A feasible optical interconnect on a silicon 

complementary metal-oxide-semiconductor (CMOS) chip 
demands epitaxial growth and monolithic integration of diode 
lasers and optical detectors with guided wave components on a 
(001) Si wafer, with all the components preferably operating in 
the wavelength range of 1.3 – 1.55 µm at room temperature. It is 
also desirable for the fabrication technique to be relatively simple 
and reproducible. Techniques demonstrated in the past for 
having optically- and electrically-pumped GaAs- and InP-based 
lasers on silicon include wafer bonding, selective area epitaxy, 
epitaxy on tilted substrates, and use of quantum dot or planar 
buffer layers. Here, we present a novel monolithic optical 
interconnect on a (001)Si substrate consisting of a III-nitride dot-
in-nanowire array edge emitting diode laser and guided wave 
photodiode, with a planar SiO2/Si3N4 dielectric waveguide in 
between. The active devices are realized with the same nanowire 
heterostructure by one-step epitaxy. The electronic properties of 
the InN dot-like nanostructures and mode confinement and 
propagation in the nanowire waveguides have been modeled. The 
laser, emitting at the desired wavelength of 1.3 µm, with 
threshold current ~ 350 mA for a device of dimension 
50µm2mm, has been characterized in detail. The detector 
exhibits a responsivity ~0.1 A/W at 1.3 µm. Operation of the 
entire optical interconnect via the dielectric waveguide is 
demonstrated. 
 

Index Terms—Indium gallium nitride, nanowires, near-
infrared lasers, monolithic photodiodes, molecular beam epitaxy, 
silicon photonics. 
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I. INTRODUCTION 
ince silicon with an indirect bandgap is an inefficient light-
emitting semiconductor, the common technique of 

incorporating an electrically-pumped laser on a silicon 
platform has been the integration of III – V based devices on 
it, either by direct epitaxy[1]–[3] or by wafer bonding[4]–[6]. 
Direct epitaxial growth of III-V materials and heterostructures 
on silicon presents three challenges. A usually large lattice 
mismatch leads to a high density of threading dislocations. 
There is also a thermal mismatch due to unequal thermal 
expansion coefficients. Finally, the epitaxy of polar III-V 
materials such as GaAs on non-polar Si leads to the formation 
of antiphase domains (APDs). This is usually alleviated by 
growing the III-V heterostructure on a (001)Si substrate offcut 
by 4° toward the [011] plane[1]–[3]. It is unlikely that CMOS 
and related Si-based technologies will be developed on such 
tilted platforms. Selective area epitaxy[7] and growth on 
special buffer layers[3], [8]–[11] have led to some success. 

A very different approach to solving the Si/III-V mismatch 
problem is to use entirely different semiconductors, the III-
nitride compounds, but not in their usual planar form. (Al, Ga, 
In)N nanowires and nanowire heterostructures grown catalyst-
free on (001)Si substrates[12]–[18] have shown extraordinary 
promise as crystalline (wurtzite) nanostructures for the 
realization of light-emitting diodes (LEDs)[19]–[22] and diode 
lasers[23]–[26]. Without any patterning on the substrates the 
nanowires grow as a random array along the c-axis and are 
relatively free of extended defects due to the large surface-to-
volume ratio and the formation of a thin SiNx layer at the 
nanowire-silicon interface[21]. The SiNx layer reduces the 
~13.5% stress and the defect density at the interface. 
Compared to planar heterostructures, the nanowires have 
reduced polarization field due to radial relaxation of strain 
during epitaxy. Consequently, the radiative recombination 
times are smaller than in quantum wells[18]. Thin (2-3nm) 
single or multiple InGaN disks can be incorporated along the 
length of the nanowires and the alloy composition in the disk 
region can be varied to yield optical emission ranging from the 
ultraviolet (UV) to near-infrared (near-IR)[24], [26]. It has 
been established that a quantum dot is formed in the disk 
region[27], possibly due to strain relaxation along the surface 
of the nanowire during epitaxy[28]. It has also been reported 
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Fig. 1. InN/In0.4Ga0.6N/GaN heterostructure nanowire array laser 
monolithically grown on (001)Si by plasma-assisted molecular beam 
epitaxy. (a) Schematic of nanowire heterostructure. (b) SEM image of 
heterostructure nanowire array. (c) TEM-HAADF (i) and (ii) and EDS (iii) 
images of single nanowires showing the formation of quantum dot-like 
nanostructures in the InN disk regions. The bulging in the InN disk regions 
is clearly seen. The EDS image is from a sample with two InN disks grown 
directly on a section of GaN nanowire. (d) Measured room temperature 
and low temperature photoluminescence spectra of a nanowire array 
sample in which epitaxial growth was terminated after four InN/In0.4Ga0.6N 
disk/barrier periods. The sample was grown with optimized growth 
parameters described in the text. The cutoff of the PL intensity at the 
photon energy around 1800 nm is due the optimum response range of the 
detector, which is constrained by the absorption spectrum of germanium. 

that the surface recombination velocity of GaN nanowires is 
small and ~103cm/s[29]. The surface state density on the 
nanowire walls can be further reduced by dielectric 
passivation[17] or by growing core-shell structures[30]. The 
self-organized random array of nanowires can be grown on 
any size of Si substrate, depending on the growth facility, and 
the process is therefore scalable. The nanowire area density 
can be varied in the range of 107–1011 cm-2 by tuning the 
growth parameters. Sections of the nanowires can be doped n- 
and p-type and thereby diodes can be easily realized. 

These unique properties of III-nitride nanowires and their 
heterostructures provide a convenient route towards the 
realization of nanowire-based photonic integrated circuits with 
active devices on a (001)Si platform. Of particular interest is a 
monolithic optical interconnect consisting of a diode laser, a 
passive waveguide or other guided-wave elements, and a 
photodiode. With modulation of the laser, this would 
constitute an optical communication system. Most 
importantly, the desired wavelength for such a system is ~1.3 
µm for eye-safe operation. Here, we demonstrate a 1.3 µm 
monolithic optical interconnect consisting of a InGaN/GaN 
dot-in-nanowire array diode laser, a SiO2/Si3N4 dielectric 
waveguide transmission medium and a nanowire array 
photodiode for the first time. The interconnect has been 
realized by one-step epitaxy of III-nitride based nanowire 
heterostructure array on (001)Si, dielectric deposition, and 
standard device processing steps.. 

II. EPITAXY AND FABRICATION 
Graded refractive index separate confinement 

heterostructure (GRIN-SCH) nanowire arrays, shown in Fig. 
1(a), were grown by plasma-assisted molecular beam epitaxy 
(PAMBE) on (001)Si substrates in a Veeco GEN II system. 
The entire nanowire heterostructure was grown with a 
nitrogen plasma flow rate of 1sccm. The GaN sections were 
grown at a substrate temperature of 820°C, except the top p+-
GaN region, which was grown at 800°C. The graded      
InxGa1-xN sections (0≤x≤0.4) forming the waveguide were 
grown in 10 equal steps of 15nm on both sides of the gain 
region consisting of 4 InN disks of thickness 6nm surrounded 
by 12nm In0.4Ga0.6N barriers. The graded region was grown at 
substrate temperatures varying from 631°C (In0.4Ga0.6N) to 
819°C (GaN) and the entire InN disk/In0.4Ga0.6N barrier region 
was grown at 489°C. The Ga and In fluxes were in the range 
of 1.1x10-8-1.2x10-7 Torr and 2x10-8-1x10-7 Torr, respectively, 
depending on the composition of the material being grown. It 
may be noted that an electron blocking layer (EBL) has not 
been incorporated in the design. The electrical characteristics 
of the fabricated laser diodes having 15 nm Al0.15Ga0.85N EBL 
were substantially inferior to those without the EBL. The 
height, diameter and density of the nanowires are estimated to 
be ~ 700 nm, ~ 60 nm, and ~ 3.2x1010 cm-2, and the fill factor 
is estimated to be 0.91. A scanning electron microscope 
(SEM) image of the nanowire array is shown in Fig. 1(b). 
Transmission electron microscopy (TEM) has been done on 
single InN/InGaN/GaN nanowires suitably removed from the 
epitaxially grown arrays and dispersed on a lacey carbon grid. 
High Angle Annular Dark Field (HAADF) imaging and 

Energy Dispersive X-ray Spectroscopy (EDX) of the active 
region of the nanowires (Fig. 1(c)) reveal that the InN disk 
regions consist of In-rich cylindrical dots with a slightly Ga-

rich outer region. The bulging in the InN disk regions is a 
result of strain-driven adatom kinetics on the growing top 
surface of the nanowire and has been predicted by theoretical 
calculations[31]. 

Photoluminescence (PL) measurements were made at 13 K 
and 300 K on a sample in which growth was terminated after 
four periods of InN disks and In0.4Ga0.6N barriers and grown 
with the optimized parameters described earlier. The spectra 
recorded at 13K and 300K are illustrated in Fig. 1(d). An 
approximate value of the radiative efficiency (r) of 67% is 
estimated from the PL peak intensities at 300K and 13K, 
assuming that non-radiative recombination channels are frozen 
at the latter temperature[32].  

Fabrication of laser diodes was initiated by planarizing the 
nanowire array with parylene, which was deposited by 
physical vapor deposition (PVD) at room temperature. It has 
been reported that parylene is transparent at 1.3 µm[33]. 
Furthermore, parylene helps to passivate the nanowire 
surfaces and enhances the internal quantum efficiency by 10-
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Fig. 2. Fabrication of nanowire array based photonic integrated circuit. 
(a) SEM image of fabricated nanowire array photonic integrated circuit 
consisting of nanowire diode laser, guided wave photodiode and 
SiO2/Si3N4 dielectric waveguide in between. The inset shows a 
magnified image of the air/nanowire DBR mirror formed by FIB 
etching. (b) Measured variation of transmitted light intensity with 
dielectric waveguide length. The waveguides were end-fired with a 
constant 850 nm input excitation. 

Fig. 3. Guided modes in nanowire waveguides and electronic properties 
of InN disks. (a) (i) Schematic diagram of the representative 
heterostructure nanowire considered in the 3D-FDTD simulation. (ii)-
(iv) Calculated electric field intensity distribution in x-y, x-z and y-z 
planes. (b) Ground state transition energy (right) for a InxGa1-xN disk 
(dot) with a diameter equal to 60 nm in the transverse direction and 10 
nm in the longitudinal (growth) direction as a function of dot In 
composition x. (c) Calculated strain distribution in a In0.92Ga0.08N dot of 
10nm height in the (i) out-of-plane (z), and (ii) in-plane (x-y) directions. 
(d) Comparison between the simulated and measured PL spectrum at 13 
K for the QD structure. The dot height is 10 nm and the indium 
composition in the dot region equals 92% for the dominant PL peak. 
The dotted curves represent each component of the PL spectrum 
contributed by variation of the dot size and interdiffusion effects. 

12%[17]. Excess parylene is etched to expose the nanowire 
tips, which are treated with ammonium sulfide to reduce the p-
contact resistance. Ridge waveguide devices were fabricated 
by a combination of reactive ion etching, photolithography 
and contact metal deposition. The Al n-ohmic contact was 
formed on the Si substrate surface and the Ni/Au p-ohmic 
contact was formed on the top to the exposed p+-GaN 
nanowire tips. Ridge widths of 5 to 50 µm were defined by 
etching and cavity lengths of 0.5 to 2 mm were defined by 
dicing the substrate. This was followed by planarization with 
SiO2 and interconnect and contact pad deposition. The cleaved 
facets were further polished by focused ion beam (FIB) 
etching using a Ga source and 3 pairs of MgF2/ZnSe (237 
nm/132 nm) distributed Bragg reflectors (DBR) were 
deposited on both facets to attain a reflectivity of 88%. The 

contact geometry was arranged in a ground-signal-ground 
configuration to facilitate high frequency probing. The laser 
diodes are characterized by a forward turn-on voltage of ~3 V, 
a series resistance of 10 to 25 Ω, and reverse breakdown 
voltage of 8 to 12 V. The fabrication of the photonic 

integrated circuit follows near-identical steps (see Appendix). 
The dielectric waveguide in between the nanowire laser and 
detector is formed by selective etching of the nanowires and 
deposition of 400 nm SiO2 followed by 400 nm of Si3N4. For 
the laser, the facet away from the waveguide was made 
reflective by FIB etching and subsequent deposition of 
MgF2/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. 2(a)). For the detector, ~220 nm of anti-
reflective SiO2 was deposited on the facet not coupled to the 
waveguide. The coupling grooves between the waveguide and 
the two active devices are ~5 µm.  

In addition to fabricating the entire monolithic photonic 
integrated circuit, we have also fabricated discrete nanowire 
lasers, detectors and dielectric waveguides in order to study 
their performance characteristics in more detail. A SEM image 
of the entire photonic circuit is shown in Fig. 2(a) wherein the 
laser, waveguide, detector and the p- and n-contacts for 
current injection are indicated. 
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The propagation loss of the SiO2/Si3N4 dielectric waveguide 
was measured on control devices. Waveguides of lengths 
varying from 100 m to 200 m and width of 5 m to 50 m 
were fabricated by the deposition of 400 nm SiO2 followed by 
400 nm of Si3N4 on (001)Si substrates and subsequent 
photolithography and etching. The waveguides were end-fired 
with focused light from an 850 nm laser and the output 
intensity was measured with an infrared detector. The 
measured output as a function of guide length is plotted in Fig. 
2(b), from which a propagation loss of 12.4 dB/cm is derived.  

III. PHOTON FIELD DISTRIBUTION IN NANOWIRE 
WAVEGUIDES 

A three-dimensional (3D) finite difference time domain 
(FDTD) simulation was performed to characterize the field 
distribution and light propagation in the nanowire-parylene 
waveguide. The waveguide was modeled as a 700 nm thick 
nanowire heterostructure embedded in a 5 µm wide parylene-
on-silicon ridge with a metal contact atop. The bulging InN 
active region in the individual nanowires due to a change of 
growth temperature was considered in the simulation as shown 
in Fig. 3(a)-(i). The diameters of GaN and InN active regions 
are 40 and 60 nm, respectively. The nanowire heterostructure 
is assumed to be identical throughout the array in the 
simulations for ease of calculation. The nanowires are 
positioned in a hexagonal close packed array with a lattice 
constant of 80 nm corresponding to a nanowire density of 
~2.41010 cm-2. Due to much smaller radii of the nanowires in 
comparison to the emission wavelength of ~1.3 µm, 
distributed feedback from the periodically positioned 
nanowires is not expected. A periodic boundary condition was 
applied along the light-propagating direction (x-direction) and 
perfectly matched layers were chosen at the other boundaries 
(y- and z-directions). Figures 3(a) (ii)-(iv) depict the 
calculated electric field distributions in the x-y, x-z, and y-z 
planes and the dotted white line represents the waveguide 
region. It was found that the waveguide supports a TE-like 
mode in which Ey and Hz are dominant and hence the light is 
localized between the nanowires in the y-z plane. The light is 
well-confined in the nanowire-parylene composite waveguide 
by the top electrode and the bottom silicon substrate. In 
particular, most of the light is confined near the bulging InN 
gain region because in this region the nanowires are in closer 
proximity, exhibiting a larger effective index. This helps in 
better mode confinement and reduces the optical loss to the 
silicon substrate.  

IV. STRAIN DISTRIBUTION AND OPTICAL 
TRANSITION ENERGIES IN HIGH-INDIUM QUANTUM 

DOTS-IN-NANOWIRES 
In this section, a theoretical model for high In-content 

InxGa1-xN quantum dots (QDs) is presented. The bound single-
particle electron and hole states are calculated by using a four-
band   method. The   Hamiltonian used in our model follows 
the derivations of Chuang[34] and Winkelnkemper[35], with 
the spin-orbit splitting energy assigned to zero. The band 
parameters are adopted from Vurgaftman[36] and 
Bimberg[37]. The strain distribution is taken into account by 
the continuum mechanical (CM) model. The TEM and the 

EDX images of Fig. 1(c) reveal that the dot size fluctuates in a 
certain range as well as the indium composition and provide a 
rough estimation of dot size and indium distribution. The final 
geometry and indium distribution are determined by our four-
band   model matching the ground state transition energy to 
the measured PL peak. The best fit with the dominant PL peak 
at 1.638 m (0.757 eV) measured at 13K occurs when the 
height (growth direction) of the dot is around 10 nm and the In 
composition inside the dot is ~92% (Fig. 3(b)). The calculated 
strain distribution in the dot region in the in-plane (x, y) and 
out-of-plane (z) directions are shown in Fig. 3(c). Figure 3(d) 
shows the comparison between the measured PL spectrum and 
the simulated values at 13 K. In this case, the height of the dot 
is fixed at 10nm and an indium composition in the dot region 
assumed to be 92% for the dominant peak (highest PL 
intensity). The spectrum is obtained by considering transition 
broadening effects with the peak wavelength calculated using 
the   model. The multiple components with different peaks and 
intensities are due to slight variations in the dot size due to 
progressive inter-diffusion of the dot and barrier material 
during growth. The calculated peak intensities are at 0.7093, 
0.7272, 0.7429, and 0.7569 eV, corresponding to the 4 dots in 
the structure. The geometry of the dot interface, which is an 
input parameter for our simulation model, can be modified 
using an error function profile to account for the inter-
diffusion effect. The relative intensity for each PL component 
is obtained by calculating the overlap between each PL 
component and the material gain spectrum. The observation 
that the shortest wavelength (highest energy) peak, which 
would correspond to the largest intermixing and earliest grown 
dot, has the highest intensity suggests that some annealing of 
defects may also be taking place. Under bias, the band 
bending caused by the strain effect is compensated by the 
external field. The quantum energies for electron states in the 
dot region are consequently raised to higher energies, while 
the energies for hole states are lowered. As a result, the inter-
band transition energies should be slightly shifted toward 
higher values. The zero-bias electron-hole transition energies 
for the ground and first two excited states of the 10nm 
In0.92Ga0.08N quantum dot in the z-quantized direction are 
calculated to be 0.757, 0.823 and 0.874 eV. 
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Fig. 4. Steady-state and small-signal modulation of discrete nanowire diode laser. (a) Measured output light-current characteristics of discrete edge-emitting 
heterostructure InN/InGaN/GaN dot-in-nanowire diode laser. The laser end mirrors are created by FIB etching followed by deposition of MgF2/ZnSe DBR. 
The output power is from one facet. The inset shows the spectral output for an injection I = 1.2Ith, where Ith is ~ 350 mA. (b) Measured variation of 
threshold current with temperature of multiple devices under pulsed biasing. The solid line represents the average calculated variation. (c) Measured 
response of edge-emitting 1.3m nanowire diode laser to varying high frequencies and bias currents. The values of currents shown are above the threshold 
current. Each point represents the peak value of the spectral output. The solid curves represent calculated modulation response in accordance with a 
response function incorporating damping limited operation. (d) Variation of resonance frequency derived from the data in c with square root of injection 
current. Analysis of the data, indicated by the solid line, yields the value of differential gain of the laser. (e) Variation of the damping factor d, determined 
from analysis of the modulation response, with square of the resonance frequency. Analysis of the data represented by the solid line is used to determine the 
value of the gain compression factor. 

V.  NANOWIRE ARRAY LASER AND DETECTOR 
Steady state measurements were made on the discrete 

nanowire lasers by mounting them on a copper block without 
any additional heat sinking. A Peltier cooler was used to 
maintain the laser temperature, with active biasing, close to 
the ambient temperature (~300 K). Light-current (L-I) 
characteristics of broad area (50 µm x 2 mm) lasers were 
measured in both continuous wave (cw) and pulsed bias mode 
(20 µs pulses, 1% duty cycle), using a Keithley power source 
and a Newport IR detector. The L-I characteristics measured 
at room temperature under continuous wave (cw) and pulsed 

biasing are shown in Fig. 4(a). The slope efficiency for the 
output with pulsed biasing is 0.12 W/A. The peak wavelength 
in the lasing spectrum shown in the inset is at 1.33 µm. The 
blue shift of this emission from the observed spontaneous 
emission peak at ~1.6 m is believed to be due to the 
injection-related quantum confined Stark effect. The L-I 
characteristics were measured as a function of temperature by 
varying the temperature of the mount in the range of 275-350 
K. The measured variation of the threshold current with 
temperature is shown in Fig. 4(b). A value of the temperature 
coefficient T0 = 224 K is derived from analysis of the data 
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Fig. 5. Photoresponse of discrete and integrated dot-in-nanowire guided 
wave photodiode. (a) Photocurrent spectra of reverse biased nanowire 
photodiode. The devices were end-fired with light from a broadband 
source dispersed by a monochromator. The resonances in the spectra are 
attributed to interband transitions between quasi-bound states in the 
quantum dots formed in the InN disks. Inset shows the 0.75eV transition 
in the photocurrent at a bias of -1V. (b) Steady-state photocurrent of 
reverse biased nanowire photodiode in photonic integrated circuit in 
response to pulsed injection current applied to nanowire laser. The light 
is coupled to and guided by the dielectric waveguide to the detector. 

with the relation Ith (T) = Ith(0)exp(T/T0). This value to T0 is 
much higher than those measured in 1.3 µm InGaAsP/InP 
quantum well lasers[38].  

For an inter- and intra-chip communication link, it is 
necessary to transmit a modulated signal. We have therefore 
measured the small-signal modulation response of a discrete 5 
µm x 500 µm ridge waveguide laser. The small-signal 
modulation response of discrete lasers were 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. 
The frequency response for varying CW injection currents (I-
Ith) is shown in Fig. 4(c) and the data have been analyzed with 
the response function, 

 
                          

 

      
    

  
  

 
 
  

                          (1) 

where fr is the resonance frequency and d is the damping 
factor.  A -3dB modulation bandwidth of 3.0 GHz is derived 
for an injection (I-Ith) = 8.5 mA. Figure 4(d) shows a plot of fr 
versus (I-Ith)1/2 from which a slope of 0.33 GHz/(mA)1/2 is 
derived, which can be used to calculate the differential gain 
dg/dn in accordance with the relation, 
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Here  is the mode confinement factor, ηr is the radiative 
efficiency, vg is the photon group velocity and Vact is the 
active volume of the gain medium. The value of  = 0.0137 is 
obtained from simulations based on transfer-matrix-element 
method assuming the laser as a planar device, which is evident 
from plane wave propagation based simulations described 
earlier. The value of r is taken to be 67%. With these values 
of  and r, a value of dg/dn = 2.910-16 cm2 is derived. The 
damping factor d derived from analysis of the modulation 
data is related to fr, for damping limited operation, by the 

relation d = Kfr
2 where          

 

  
  

  
 
  and ϵ is the 

gain compression factor. Figure 4(e) shows the plot of d 
versus fr

2, from which we derive K = 3.75 ns and                      
ϵ = 4.2x10-16 cm3, assuming a value of cavity photon lifetime  
τp = 3.2 ps. The measured 3-dB bandwidth for the monolithic 
laser on silicon is relatively low for a variety of reasons, and 
can be made higher. The bandwidth, or resonance frequency 
fr, is proportional to the photon density, or injection, and the 
differential gain. Device heating prevented measurement of 
the modulation response at higher injection currents. The 
differential gain generally decreases with bandgap energy and 
the value measured in this study is lower than those measured 
in 1.3 µm InGaAsP/InP quantum well[39] and InAs/GaAs 
quantum dot lasers[40], [41].  

Measurements have also been made on discrete guided 
wave dot-in-nanowire photodiodes to determine their 
performance characteristics. Spectral photocurrent 
measurements were made on reverse biased photodiodes (50 
m  1mm) by end-firing them with light from a broadband 
source dispersed by a 0.125 nm CM110 monochromator with 
a spectral resolution of 0.2nm. Measurements were made at 
room temperature at different values of reverse bias applied to 
the photodiode. The resulting photocurrent was measured with 
a Keithley 6487 picoammeter having a resolution of 1 pA. The 
measured spectra are shown in Fig. 5(a). Several shoulders 
and peaks are observed at energies close to the absorption 
edge. The shoulders at ~ 0.75 and 0.81 eV and a peak at 
approximately ~ 0.92 eV correspond to the calculated values 
for E1-H1, E2-H2 and E3-H3 transitions, respectively. Here     
E1,2,3 are the electron ground state and first and second excited 
states in the conduction band. Similarly for the hole states,   
H1,2,3. It is difficult to ascertain whether the hole states 
originate from heavy or light holes due to band mixing. Peaks 
and shoulders observed at higher energies probably originate 
from the graded and other regions of the nanowire 
heterostructure. The very slight shift in the peaks between the 
spectra recorded with -0.1 and -1.0 V bias is due to difference 
in the voltage drop across the disks. In the context of the 
present study, the responsivity of the photodiode at ~1.3 µm is 
more relevant. From the spectra recorded at -1.0 V, a 
responsivity of 0.11 A/W is derived, taking into account the 
incident power of 923 W, a facet coupling of 0.33% and a 
nanowire fill factor of 0.91. 
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VI. PHOTONIC INTEGRATED CIRCUIT 
Finally, we present results from measurements made on the 

photonic integrated circuit. We have excited the laser with a 
dc pulsed (20 s pulses, 1% duty cycle) injection bias and 
have recorded the photocurrent response of the detector to the 
light emitted by the laser and coupled to the waveguide 
between the two devices. The laser and detector width is 50 
µm, and the lengths are 2 mm and 1 mm, respectively. The 
SiO2/Si3N4 waveguide in between is 200 m long and 50 m 
wide. The measured photocurrent of the detector biased at -1V 
is shown in Fig. 5(b). As expected, it follows the laser light-
current characteristics. A 10-fold increase in the reverse 
saturation current of the photodiode, from 0.2 A to 2.0 A is 
observed. Considering the measured detector responsivity of 
0.11 A/W at 1.3 m, it is estimated that only ~ 20 W of 
optical power is received at the input end. We believe that the 
factors that contribute to the loss of power emitted by the laser 
and ultimately coupled to the photodiode are scattering losses 
at the air semiconductor DBR mirror, coupling into and out of 
the waveguide and reflection losses at the input facet of the 
photodiode. We expect that the light coupled into the 
photodiode can be substantially increased by improved design 
and fabrication. 

VII. DISCUSSION 
A critical aspect of silicon photonics with CMOS circuits is 

that it has to be fabricated on (001)Si. The operation 
wavelength must also be in the eye-safe region of the 
spectrum. Therefore, a monolithic electrically-pumped laser, 
preferably emitting ~1.3 m light is the preferred light source. 
Quantum dot lasers emitting at this wavelength have been 
grown on silicon wafers and demonstrated. However, for 
reasons outlined earlier, the substrates have to be tilted from 
the (001) plane. On the other hand, highly mismatched GaN-
based nanowires, relatively free of extended defects, can be 
grown on (001)Si with relative ease. A novelty of the present 
work rests in the fact that the gain media consists of InN disks 
in GaN nanowires, which have not been grown or 
characterized before this study. It is apparent that quantum 
dot-like nanostructures are formed in the disk region, 
accompanied by a small amount of Ga diffusion. The non-
uniformity in the gain region arising principally from the non-
uniformity in the InN/In0.4Ga0.6N disks which broadens the 
luminescence spectra and reduces the gain and differential 
gain of the laser. However, the non-uniformity may also 
broaden the spectral response of the detector. 

We have successfully demonstrated the coupling of the 
edge emitting laser emission into a monolithic dielectric 
waveguide and a subsequent coupling of the guided light into 
an in-plane guided wave photodiode. Either passive 
waveguides, such as the one demonstrated here, or other 
guided wave components will form parts of an optical 
interconnect on a silicon chip. The bottom-up monolithic 
approach demonstrate here allows optoelectronic integration 

and it is envisaged that Si-based electronic circuits for laser 
biasing and modulation can be incorporated. By virtue of the 
low growth temperature at which the nanowire 
heterostructures are grown it is expected that the integration 
will be compatible with CMOS processing of the electronics.  

It is useful to note that the in-plane photodiode is realized 
with the same nanowire array used to fabricate the laser, thus 
enabling one-step epitaxy. This greatly simplifies the 
fabrication of the photonic integrated circuit. The detector 
exhibits an acceptable value of responsivity at 1.3 m. While 
outside the scope of the present work, it is seen that the 
spectral output is characterized by sharp peaks which are 
believed to be due to interband transitions between discrete 
quasi-bound electron and hole states in the InN disks. Such 
features are usually observed in the absorbance spectra of 
quantum dots[42], providing further evidence of the formation 
of a quantum-dot like nanostructure in the InN disk region. It 
is therefore of interest to investigate intersubband transitions 
between conduction band states for application in infrared (IR) 
long wavelength detectors. The fact that such a detector could 
be fabricated on silicon is of great technological value.  

In this study we have realized the laser and detector with a 
random array of dot-in-nanowire heterostructures. The 
nanowires are passivated with parylene and this enhances the 
internal quantum efficiency in all regions of the nanowire by 
the reduction of recombination via surface states. The 
efficiency could be further enhanced by growing core-shell 
nanowires. Also, for development purposes, an ordered array 
of nanowires is preferred and this can be grown on suitably 
patterned substrates. 

APPENDIX 
An appendix has been attached to this manuscript to 

describe the process flow of the fabrication of the photonic 
integrated circuit. The appendix also contains a schematic of 
the finished photonic integrated circuit with light trace 
showing the light path from the laser to the detector. Finally a 
plan view of the devices has also been added to further 
describe the structure of the devices.   
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