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Abstract: We have fabricated electrically injected InAs/InGaAs/GaAs quantum-dot (QD)
photonic-crystal (PC) surface-emitting lasers (SELs) and successfully demonstrated room-
temperature lasing emissions at 1.3-um wavelength for the first time. The PCSEL device
fabrication was greatly simplified by deposition of transparent conducting layer of indium-
tin-oxide over “PC slab-on-substrate” structure. The threshold current density per QD layer
was as low as 50 A/cm?/layer; however, the optical output was limited to 2 mW. The band-
edge lasing mode was identified and near-circular beam with narrow divergence angle less
than 2° was achieved.
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1. Introduction

Two-dimensional (2D) Photonic-crystal (PC) structures are widely applied in active and
passive optoelectronic devices to modify spatial or spectral mode of optical light [1,2].
Surface-emitting lasers (SELS) incorporating 2D-PC emerge as promising photonic devices
due to their advantages of nearly symmetric beam and narrow divergence angle for fiber
coupling as well as IC-like array manufacturability and testing. One type of them is photonic
defect lasers where artificial defects are engineered in 2D-PC to create localized modes in
photonic bandgap. Nevertheless, they are subjected to low surface-emitted power in sub-
microWatt order because of high quality factor formed in micro- or nano-cavities [1]. Another
type is Photonic band-edge lasers, also known as photonic-crystal surface-emitting lasers
(PCSELs), where 2D cavity mode is constructed over a large area of 2D-PC without
microdefect [2,3]. Coherent light emissions from optical gain media, designed around the
edge of photonic band structure, propagate with zero group velocity and strongly couple with
2D-PC structure where in-plane multidirectional distributed feedback (DFB) diffract
vertically [3]. The output beam emitted in the direction normal to the 2D-PC plane has narrow
beam divergence due to coherent oscillation in large area. Moreover, single longitudinal and
transverse mode oscillation has been achieved with a large lasing area, enabling high-power
and single-mode operation [2,3].

It is by no means easy to electrically drive PCSELs because injected current flows through
unetched part of 2D-PC and is on the same path as emitted light. Therefore, optically pumped
PCSELSs were realized in demanding materials such as GaSh-based materials [4,5] and GaN-
based materials [6]. The first electrically injected PCSEL was demonstrated in 1999 by wafer
fusion bonding technique [7]. InP-based slab waveguide with InGaAsP multiple-quantum-
well (MQW) active region was bonded over PC-patterned wafer, and then substrate with slab
waveguide was selectively etched off. The threshold current density was estimated to be 3.2
kA/cm? under room-temperature (RT), pulsed operation. Later in 2009, GaAs-based slab
waveguide with InGaAs MQW was bonded over PC-patterned wafer with bottom distributed
Bragg reflector (DBR). Extremely high output power of 35 W with slope efficiency of 0.7
WI/A was achieved under RT, pulsed operation [8]. As an alternative to wafer fusion, epitaxial
regrowth over PC was developed and PCSELs were electrically injected with exciting
success. In 2008, GaN-based PCSEL with InGaN MQW was operated under RT, pulsed
condition. The threshold current and equivalent current density was as high as 6.7 A and 67
kA/cm?, respectively [9]. Later in 2014, GaAs-based PCSEL with InGaAs MQW was
operated under RT, continuous-wave (CW) condition and light output was as high as 1.5 W
[2].

Quantum dot (QD) gain media are versatile for applications in tunable and mode-locked
light sources. GaAs-based In(Ga)As QD lasers, in particular, are novel and low-cost solution
for long-wavelength gap between 1100 nm and 1300 nm. PCSELs with QD gain were
reported only to be optically pumped; electrical injection may not be practical because of
“suspended PC slab” design used therein [10,11]. We demonstrated the first RT and optically
pumped InAs QD PCSELSs of 1.3-um wavelength range using “PC slab-on-substrate” design
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in the previous work [12]. Also in our previous work, electrically injected QD SELs were
made possible by depositing indium-tin-oxide (ITO) over one-dimensional (1D) DFB grating
or 1D-PC [13]. In this present work, we have fabricated electrically injected InAs QD
PCSELs using the same “PC slab-on-substrate” design and successfully demonstrated RT
lasing emissions at 1.3-um wavelength. No complicated techniques of epitaxial regrowth or
wafer fusion bonding were involved in the device fabrication. Instead, the epitaxial structure
was properly doped and ITO was used for electrical current spreading as well as optical light
transmission.

2. Experimental details

The wafer sample under investigation was grown on n-type GaAs (001) substrate by
molecular beam epitaxy. Figure 1 shows the schematic layer structure along with QD active
region. If not specified otherwise, silicon and beryllium were doped to 10* cm= for n-type
and p-type doping, respectively. The growth started with 200-nm n-doped GaAs buffer layer,
130-nm n-doped graded-index (GRIN) layer of AlGaAs, 1300-nm n-doped bottom cladding
layer of AlgsGageAs, followed by 150-nm undoped GaAs separate-confinement-
heterostructure (SCH) layer, and proceeded to undoped active region. It consisted of seven
layers of 2.2-monolayer InAs QDs, which was capped by 5-nm Ing15GaogsAs and spaced by
45-nm GaAs. Afterwards, another 150-nm undoped GaAs SCH layer was grown, followed by
p-doped 200-nm top cladding layer of Alp4GaosAs, 150-nm p-doped GRIN layer of AlGaAs,
and ended with 100-nm, p*-doped (~10%° cm=) GaAs as contact layer. The InAs QD areal
density per layer was close to 3 x 10'° cm. It is worth mentioning that the grown structure
incorporated thin upper cladding design so that 2D-PC fabricated afterward was sufficiently
close to active region and adjacent diffraction coupling was effectively achieved.

= = I ——— B
s \\ _— e =" 5nm InGahs Cap

—*45 nm GaAs

=

ettt teteiese. 2 2 ML InAs QD

1 nm .'- ' T e T e,

‘ 200 nm N-Gaas Buffer (7x Quantum Dots)

Fig. 1. The schematic layer structure, along with QD active region, of investigated sample.

The PCSELs were designed for the transverse electric (TE) mode in 2D square lattice
operated at /" band-edge. Figure 2(a) shows schematic cross-section of electrically injected
QD PCSEL. The fabrication started with 150-nm SisN4, which was deposited at 300 °C by
plasma enhanced chemical vapor deposition (PECVD) as a hard mask. The PC pattern with
circular shaped air holes was defined by e-beam lithography within area of 300 x 300 pm?
and dry etched by inductively coupled plasma. After removing hard mask, mesa of 310 x 310
um? was wet etched and another 120-nm SizN4 passivation layer was deposited at 80 °C.
Then, circular dielectric aperture of 150-um diameter was opened by lift-off process. Next,
transparent conducting layer of 225-nm indium-tin-oxide (ITO) was deposited by E-gun
evaporator at 300 °C. Then, p-type metallization of Ti/Au was deposited for subsequent
photoresist lift-off. Finally, n-type metalization of Ni/Ge/Au was deposited and annealed at
420 °C. Figure 2(b) shows the tilted-angle cross-sectional image from scanning electron
microscope (SEM). The ITO completely covered the PC structure with small pits over air
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holes. The top-view image from stereo optical microscope (SOM) is shown in Fig. 2(c). The
outer and inner side-length of square metal aperture is 650 pm and 300 pwm, respectively.

P-Metal

Fig. 2. Electrically injected PCSEL with its (a) schematic cross-section, (b) tilted-angle cross-
sectional image from SEM, and (c) top-view image from SOM

The grown sample was characterized by photoluminescence (PL) with excitation source
of 1064-nm pulsed fiber laser (50 ns pulse width @ 5 KHz repetition rate). The ground-state
(GS) energy of InAs QDs was around 1297 nm, and first excited-state (ES) energy was
around 1205 nm. Three lattice periods of 388, 390, and 393 nm are patterned so that the
design wavelength was around the gain peak of GS-QD. The air-hole filling factor, which is
defined as area of unit lattice occupied by air holes, was designed to be 0.1. Based on our
previous work, the etched PC depth of QD PCSELSs is more than two times that of typical
QW PCSELs because QD active region is optically confined tightly and peak modal gain is
relatively low [12]. The etched PC depth in this work was about 550 nm. The intermediate-
stage devices, right after PC etching but before metallization, were optically pumped by
1064-nm pulsed fiber laser as we performed in [12]. If pumping threshold is not low enough,
one can repeat dry etching again for enhanced diffraction coupling. Final electrical
characterizations were performed under pulsed current with repetition rate of 1 KHz. The
duration of current pulse varied with different measurement conditions. All measurements
were temperature controlled by thermoelectric cooler. The emission spectra were then
collected by monochromator equipped with InGaAs detector. The spectral resolution is as low
as 0.05 nm.

3. Results and discussions

The lasing wavelengths for electrically driven QD PCSELs with lattice period of 388, 390,
and 393 nm were measured to be about 1291.7, 1297.6, and 1306.7 nm, respectively. The
lowest threshold current was achieved for 390-nm-period PCSEL device. It was consistent
with optically pumped results that lower threshold device corresponded to smaller wavelength
detuning between PC resonant wavelength and GS-QD gain peak [12]. Figure 3 shows the
pulsed L-1-V characteristics and lasing spectra of 390-nm-period QD PCSEL at RT of 20 °C.
The 1-KHz current pulse with pulse duration of 1 ps and 5 us were set in Figs. 3(a) and 3(b),
respectively. The series resistance extracted at 100 mA was about 8~9 ohm. The joule
heating, constituted 30~50% of the input power, was rather serious. It limited our PCSEL
devices tp pulsed operation, and the light intensity exhibited roll over around 300 mA.
Moreover, the electrical injection was spatially non-uniform and crowded around the edge of
dielectric aperture as revealed in the NFP image at the end of this section. Our separate
experiment shown higher annealing temperature above 450 °C was necessary to form good
ohmic contact between ITO and p*-GaAs. Further improvement can be expected by
optimizing the annealing conditions.
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Fig. 3. (a) L-I-V characteristics and (b) lasing spectra of 390-nm period QD PCSEL.

The optical power in Fig. 3(a), measured by a calibrated Ge detector, was limited to 2 mW
at injection current of 300 mA. The threshold current was 62 mA and its equivalent threshold
current density, spread over circular aperture of 150-um diameter, was about 350 A/cm?. The
threshold current density per QD layer was as low as 50 A/cm?/layer, which was compared
with the state-of-the-art QD edge emitter of 12 A/cm?/layer [14]. In spectra measurement, the
lasing linewidth in Fig. 3(b) evolved from 0.24 nm at slight above threshold to 0.36 nm at
about two times the threshold. The increased linewidth was also observed in [15], where
competing side-modes were excited at the longer wavelength side of the main lasing mode at
higher current level. These side-modes are group of multiple resonant states which exist for
each band-edge mode [15]. They originate with quantized wavevector within finite-size laser
cavity and associated with fabrication imperfection and disorder [15]. Moreover, the quality
(Q) factor at injection current of 65 mA was a little more than 5000. The high Q factor was
associated with low threshold current of 50 A/cm?/layer and low output power.

The photonic band structure of square-lattice PCSELs can be constructed from
measurement of angle-dependent spectra well below lasing threshold along different in-plane
directions. Figure 4(a) shows the below-threshold spectra of our square-lattice, 390-nm-
period PCSEL along 7-X and 7'-M directions with angular step of 2°. They were taken at
injection current of 35 mA. The spectra were normalized and shifted in vertical axis so that,
when rotated 90° clockwise, they were in the same sense as the typical band structure
calculated in [16,17]. The duration of current pulse was increased to 50 ps for enhanced
signal detection. Four band-edge modes in the vicinity of 7" point were designated as modes
A, B, C and D in order of decreasing wavelength. Note that modes C and D were degenerate
modes.
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Fig. 4. (a) Angle-dependent spectra along /-X and 7-M with angular step of 2°. (b) Emission
spectra below and above threshold current.
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Figure 4(b) shows the emission spectra below and above threshold. The normalized
frequencies of band-edge modes A, B, and C/D, in unit of lattice period over wavelength,
were 0.29986, 0.30042, and 0.30167, respectively. The normalized frequency difference
between modes A and B was ~5.6 x 1074, which is about one-quarter to one-third of reported
value in [2]. The small mode frequency difference indicates weak 2D feedback coupling
because of low confinement factor within the PC layer [2], while QD active region is
optically confined tightly [12]. Figure 5 shows the refractive index profile of investigated
structure with corresponding electrical field intensity distribution along crystal growth
direction. The 1D intensity overlap in QD gain media and PC region is about 15.7% and
14.8%, respectively. If QD area coverage of 0.1 is considered, the confinement factor of QD
gain media is only 1.6%.

Refractive Index
[¥5)
Intensity (a.u.)

0

-500 0 500 1000 1500
Relative Coordinate (nm)

Fig. 5. The refractive index profile of investigated structure with corresponding electrical field
intensity distribution along crystal growth direction.

In Fig. 4(b), the QD PCSEL was observed to lase at mode B instead of mode A. It was
reported in [17] that mode A was favored with threshold-gain discrimination of over 20 cm™
against mode B for device length of 70 um, and this discrimination decreased with increasing
device length. However, our PCSEL was with larger device length of 150 pm. Moreover,
with weaker 2D coupling revealed above, we can expect even lower mode selectivity between
modes A and B [18]. Since Mode-B wavelength was 2.4 nm shorter than mode-A
wavelength, and both were in the long-wavelength side of GS-QD gain peak. The smaller
wavelength detuning of mode B was mostly credited for the observed lasing emissions.

Figure 6 shows the near-field pattern (NFP), far-field pattern (FFP), and polarization
pattern (PP) of QD PCSEL with lattice period of 390 nm. The NFP images shown in Fig. 6(a)
were taken by charge-coupled-device (CCD) camera. It was clearly shown that the active PC
area, where current was injected, was a circle with 150-pm diameter. The injected current
indeed spread over ITO layer and then was forced to enter dielectric aperture. However,
stronger light intensity around the aperture edge was observed because of current crowding
effect. The FFP images shown in Fig. 6(b) were captured by Hamamatsu optics system of
A3267-12 equipped with near infrared camera C5840. The near-circular and single-lobed
beam was analyzed to reveal narrow divergence angle of 1.4° at 80 mA, and less than 2° at all
current range. In a magnified view, the emitted beam in Fig. 6(b) was donut-like with
maximum intensity not at the center, but in a ring-like region. Destructive interference at the
center of far-field was observed due to anti-symmetric electric field of lasing mode B or
rotational symmetry of circular lattice points [16]. The destructive interference also decreased
the output efficiency and limited the output power.

Figure 6(c) shows the PP in half polar plot at injection current of 100 mA. The light
intensity was taken by rotating the linear film polarizer before detector and then normalized.
The lasing mode B did not have definite polarization. Since the in-plane electric field
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distribution is anti-symmetric with respect to the center of circular air hole, the calculated
FFP exhibit azimuthal polarization [16-19] and no noticeable intensity variation can be
observed by merely rotating the linear polarizer. For applications where specific polarization
is required, one can change the shape of PC holes. For example, asymmetric shape of
equilateral triangular holes was adopted in [17], and almost linear polarization was
demonstrated.
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Fig. 6. (a) NFP, (b) FFP and (c) PP of QD PCSEL with lattice period of 390 nm.

In additional to detrimental effect from joule heating and destructive interference, the low
slope efficiency in Fig. 3(a) was further addressed. Since the optical power fraction within
GaAs contact layer was low (from Fig. 5) and the free-carrier absorption coefficient of p*-
GaAs was less than 100 cm™ [20], its free-carrier loss was small. The effect of scattering loss
was also believed to be insignificant as the threshold current density of PCSEL was rather
low. However, ITO acts as metal-like mirror in the infrared range. We prepared separate ITO
sample for optical characterization by M-2000 Ellipsometer (J. A. Woollam Co.), the
complex refractive index around 1300 nm is 0.68 + i0.22. Considering 3-layer structure of
semiconductor/ITO/air, the calculated power reflectance, absorptance, and transmittance at
normal incidence is about 40%, 17.5%, and 42.5%, respectively. Less than a half of optical
power was extracted as light output. The transmissivity can be increased to 66% if the ITO
quality is enhanced to have complex index of 1.0 +i0.1 and its thickness is reduced down to
100 nm. Further improvement is required to optimize the deposition conditions and thickness
of ITO.

4. Summary

In this paper, surface lasing emissions are achieved by utilizing band-edge modes of PC in
QD gain media. To electrically drive devices, simple deposition of indium-tin-oxide over “PC
slab-on-substrate” structure was used instead of complicated fabrication techniques such as
sacrificial etching, epitaxial regrowth or wafer fusion bonding. For the first time, QD PCSELs
of 1.3-um wavelength were demonstrated under pulsed current injection at RT.

We have studied laser characteristics of QD PCSEL with 390-nm lattice period as it has
minimum wavelength detuning between peak lasing wavelength and GS-QD gain peak. The
threshold current density per QD layer was as low as 50 A/cm?/layer, which was credited to
high quality factor. The photonic band structure of PCSEL device was constructed by angle-
dependence emission spectra below threshold and band-edge lasing mode above threshold
was identified as mode B in common designation. The NFP revealed current crowding around
aperture edge; however, single-lobed and donut-like beam with narrow divergence angle less
than 2° was obtained from FFP. Moreover, the lasing mode B has no definite polarization
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from polarization measurement. The low intensity output limited to 2 mW was discussed in
terms of electrical pumping scheme as well as optical lasing mode property.

The 1.3-um QD PCSELs in this work are promising light sources in metro/access optical
fiber communication network. Besides, array manufacturability of PCSELSs is also beneficial
to application of wavelength-division multiplexing (WDM). In future work, we attempt to
reduce the series resistance by improving the contact between ITO and semiconductor, and to
increase the light output by engineering the shape of PC holes.
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