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Abstract—Ultra-compact III-V nanolasers monolithically 

integrated on Si with ultra-low energy consumption and small 

modal volume have been emerged as one of the most promising 

candidates to achieve Si on-chip light sources. However, the 

significant material dissimilarities between III-V and Si 

fundamentally limit the performance of Si-based III-V nanolasers. 

In this work, we report 1.3 µm InAs/GaAs quantum-dot photonic-

crystal (PhC) nanobeam lasers directly grown on complementary 

metal-oxide-semiconductor compatible on-axis Si (001) substrates. 

The continuous-wave optically pumped PhC nanobeam lasers 

exhibited a single-mode operation, with an ultra-low lasing 

threshold of ~ 0.8 µW at room temperature. In addition, a 

nanoscale physical volume of ~ 8 × 0.53 × 0.36 µm3 (~ 25 (λn−1)3) 

was realized through a small number of air-holes in PhC 

nanobeam laser. The promising characteristics of the PhC 

nanobeam lasers with small footprint and ultra-low energy 

consumption show their advanced potential towards densely 

integrated Si photonic integrated circuits. 

 

 
Index Terms—Monolithic integration, photonic crystal, 

nanolasers, quantum dots, silicon photonics.  

I. INTRODUCTION 

he development of data transmission speed through 

electronic components has been reaching a bottleneck due 

to the limited bandwidth and power density, despite new 

nanofabrication method for advanced microprocessor 

developed with enormous amount of investment. Accordingly, 

a new technology with advanced Si nanophotonics has been 

emerged as a promising candidate not only for the next-

generation chip-scale data communication network within data 
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centers, but also for the optical computing which has a higher 

bandwidth, faster speed, and higher power density than the 

conventional electronic microprocessor [1-3]. To realize a 

highly efficient, inter/intra-chip communication on Si platform, 

a new type of Si-based light-emitting source with ultra-small 

footprint and ultra-low energy consumption is compulsory.  

      Recently, monolithic integration of III-V optoelectronic 

devices on Si platform has fueled impressive developments due 

to its potential in energy-efficient, low-cost and wafer-scale 

photonic integrated circuits (PICs), even though wafer bonding 

technology has been extensively investigated [4]. However, 

material dissimilarities between III-V materials and Si 

including large mismatch in lattice constant, thermal expansion 

coefficients, as well as polarity, significantly degrade the 

crystal quality of metamorphic III-V layers on Si [5, 6], which 

result in the degraded device performance. Tremendous 

research efforts have been made through the optimization of 

sophisticated epitaxial technologies to realize high-quality 

epitaxial III-V materials with low defect density on 

complementary metal-oxide-semiconductor (CMOS)-

compatible Si or SOI platforms [7-11]. In addition, using III-V 

quantum dots (QDs) as gain materials for lasers provides 

various advantages, including insensitivity to defects, low 

lasing threshold and long lifetime [7, 12]. Owing to the 

decreased non-radiative recombination ratio, implementing 

defect-insensitive and high-quality QDs as gain material is 

regarded as the best solution for highly efficient light-emitting 

source monolithically grown on Si substrate [13]. 

     Despite considerable research efforts devoted to improving 

the performance of conventional laser diodes (e.g., ridge-

waveguide lasers) grown on Si substrate [13-16], the  
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Fig. 1. (a) Schematic diagram of fabricated InAs/GaAs QD PhC nanobeam laser array epitaxially grown on silicon substrate. (b) PL spectra of the as-grown 

QD gain materials collected at room temperature. The inset shows an AFM image of uncapped InAs/GaAs QDs grown on Si (001) substrate. 

 

integration of nanoscale lasers on CMOS-compatible Si 

platforms is still the long-standing goals, which is aiming at 

densely integrated and more energy-efficient Si-based PICs 

[17]. Until now, microscale lasers, such as microdisk or 

microring lasers based on whispering gallery mode [11, 18-20], 

nano-ridge lasers based on Fabry-Pérot cavity [9, 21], and 

distributed feedback lasers directly grown on Si have been 

developed [22]. All these efforts contributed to laser 

miniaturization with a range of improvements including in 

operating temperature and reduction in lasing threshold. In 

contrast, using photonic crystal (PhC) to construct nanoscale 

lasers with diffraction-limited modal volume, can provide 

highly integrated light sources on Si [23, 24]. Moreover, 

benefiting from its unique properties such as ultra-high quality 

(Q)-factor and enhanced light-matter interaction, ultra-compact 

PhC lasers enable promising advantages such as single-mode 

lasing operation, thresholdless lasing features and high-speed 

modulation rates [24-28]. Particularly, the simple and robust 

one-dimensional (1D) waveguide nature of PhC nanobeam 

lasers enables a straightforward integration method with other 

photonic devices [29]. Recently, we presented high 

performance two-dimensional (2D) QD PhC membrane lasers 

monolithically grown on CMOS-compatible Si substrate with a 

low lasing threshold [24], while the physical size of 2D PhC 

membrane lasers is ~ 20 µm × 20 µm. In this regard, 

monolithically integrated nanolasers with more compact size 

are expected to further increase the integration density, as well 

as to decrease the lasing threshold. 

In this work, we report single-mode, room temperature 

continuous-wave (CW) optically pumped 1D PhC nanobeam 

lasers monolithically grown on planar CMOS-compatible Si 

(001) substrate, of which the footprint approaches as small as ~ 

8 × 0.53 × 0.36 µm3 (~ 25 (λn−1)3). A tapered air-hole PhC 

cavity was implemented to achieve a single high Q-factor 

resonant mode locating within the ground state emission region 

of as-grown gain material. Single-mode lasing operation with a 

low lasing threshold of ~ 0.8 µW was obtained for the ultra-

compact InAs/GaAs QD PhC nanobeam laser. The ultra-low 

threshold of PhC nanobeam lasers directly grown on CMOS-

compatible Si is comparable with their counterparts on native 

substrates. The lasing wavelength was also finely tuned over the 

entire ground state emission region by regularly modifying the 

structural parameters of devices. The demonstrated Si-based 1D 

PhC nanobeam lasers with ultra-small footprint, ultra-low 

energy consumption and waveguide nature of configuration 

show their advanced potential towards completely integrated 

light sources on silicon platform.  

 

Ⅱ.   MATERIAL EPITAXIAL GROWTH AND DEVICE FABRICATION 

 

    The InAs/GaAs QD PhC nanobeam lasers are epitaxially 

grown on a CMOS-compatible on-axis Si (001) substrate, as 

shown in Fig. 1(a). A 300 mm diameter Si (001) substrate with 

a 0.15° misorientation in the [110] direction was pre-treated 

under high temperature annealing (900 ℃) and hydrogen 

pressure inside the metal organic chemical vapor deposition 

system. A 400 nm of GaAs layer was grown as two steps in 

order to suppress the formation of antiphase boundaries [30]. 

The GaAs/Si wafer is then diced into 2-inch wafers for 

molecular beam epitaxy (MBE) growth. A 200 nm GaAs buffer 

layer was regrown in MBE chamber which attributes to a 

smooth surface examined by a clear reflective high energy 

electron diffraction pattern. In order to reduce the non-radiative 

recombination centers caused by high density of threading 

dislocations due to the large lattice mismatch between GaAs 

and Si, four sets of defect filter layers (DFLs) were grown, in 

which each set of DFLs includes five repeats of 

In0.18Ga0.82As/GaAs strain-layer superlattices grown at 480 ℃ 

and a 300 nm GaAs spacing layer grown at 590 ℃ [31]. A high 

temperature in-situ annealing to the strained-layer superlattices 

were carried out at 590 ℃ for 10 minutes. A 1 µm Al0.6Ga0.4As 

sacrificial layer was grown on the top of  
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Fig. 2. (a) Top-view schematic of the fabricated InAs/GaAs QD 1D PhC tapered nanobeam cavity comprised of elliptical air-holes. (b) and (c) present the top-
view and cross-section view of the calculated E-field profiles for the high Q-factor lasing defect mode, calculated by using 3D-FDTD method. The white line 

represents the boundary of the PhC nanobeam pattern. (d) TE-like states energy band diagram of the 1D PhC nanobeam structure consisted of periodic elliptical 

air-holes as depicted in the inset. The structural parameters are W = 524 nm, a0 = 340 nm, rs/a0 = 0.27, rl/rs = 1.5. The shaded green region is the light cone. The 

violet region indicates the local photonic band gap. 

 

DFLs. Four layers of InAs/GaAs dot-in-well (DWELL) work 

as active region, which is sandwiched between two thin 40 nm 

Al0.4Ga0.6As cladding layers grown at 600 ℃. Each layer of 

DWELL consists of three monolayers of InAs deposited on a 2 

nm In0.15Ga0.85As quantum well and capped by a 6 nm 

In0.15Ga0.85As layer at 510 ℃, which were separated by a 50 nm 

high temperature grown GaAs spacing layer at 590 ℃ [32]. 

A room-temperature micro-photoluminescence (µ-PL) 

measurement of the as-grown wafer structure was carried out 

and the emission spectrum is presented in Fig. 1(b), which 

indicates a broad ground-state spontaneous emission at around 

1.32 µm with a narrow linewidth of ~ 28 meV in O-band. The 

inset in Fig. 1(b) shows an atomic force microscope (AFM) 

image of uncapped InAs/GaAs QDs grown on Si (001). The 

QDs within the active region monolithically grown on Si 

substrate present a good uniformity with a density of ~ 4 × 1010 

cm−2, and a typical size of 25 nm in diameter and 8 nm in height.  

A schematic diagram of the fabricated PhC nanobeam 

cavity is presented in Fig. 2(a). The λ-scale cavity region is 

enclosed between two tapered PhC Bragg mirrors consisting of 

elliptical air-holes [33, 34], in which the primary lattice 

constant (a0) and size of air-holes are linearly tapered down 

towards smaller value in the cavity region. The structural 

parameters of the free-standing PhC nanobeam cavity are Lcavity 

= 2.64 × a0, a4 = a0 × 0.96, ai = ai+1 × 0.96, ri+1/a0 = ri/a0 + 0.025 

(i = 1 - 3), rl/rs = 1.5 and a thickness of ~ 362 nm. To achieve 

single-mode lasing operation, the PhC nanobeam cavity was 

designed by using the three-dimensional finite-difference time-

domain (3D-FDTD) method, enabling only a single high Q-

factor defect mode locating within the ground state emission 

region of gain materials. Figs. 2(b) and 2(c) depict the top and 

cross-sectional views of the calculated E-field profiles for the 

high Q-factor resonant defect mode, of which the 

electromagnetic field is tightly confined by index guiding in y 

and z directions and Bragg scattering from the periodic PhC 

mirror in x direction. The photonic band diagram of designed 

PhC nanobeam structure was calculated by MIT Photonic 

Bands (MPB) based on the plane-wave expansion (PWE) 

method [35]. Fig. 2(d) shows a calculated TE-like states band 

diagram of the periodic PhC nanobeam structure with 

parameters W = 524 nm, a0 = 340 nm, rs/a0 = 0.27, rl/rs = 1.5 

and a refractive index (n) of 3.4. The calculated normalized PhC 

local optical band gap frequency (a0/λ) extends from 0.208 to 

0.278 (from 1223 nm to 1635 nm),

 
Fig. 3. SEM images of fabricated QD PhC nanobeam laser array (a) and a 

single nanobeam laser (b) on silicon. (c) A tilted SEM image of tapered 
cavity region of fabricated PhC nanobeam laser. 
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Fig. 4. (a) Power-dependent emission spectra of a PhC nanobeam laser with W = 524 nm, a0 = 340 nm, rs/a0 = 0.27. A sharp lasing peak appears above the 
spontaneous emission background. a.u., arbitrary units. (b) Collected L-L curve and linewidth of the lasing peak at ~ 1313 nm, indicating a lasing threshold ~ 

0.8 µW. (c) Spectra collected just below the threshold. (d) The lasing wavelength under various input pump powers, presenting a redshift of lasing wavelength 

due to thermal effect. (e) A mode pattern image taken by an infrared camera. The boundary of the PhC nanobeam laser is also indicated in the image. All 

experiments were carried out at room temperature. 

 

 

Fig. 5. (a) Normalized measured PL spectra above threshold from 

representative QD PhC nanobeam lasers with various structural parameters. 
(b) The lasing wavelength under various radius (rs/a0) and lattice constant 

(a0) of PhC nanobeam lasers on silicon. 

 

covering the ground-state emission region of as-grown QDs.  

The freestanding 1D PhC nanolasers on Si were fabricated 

by the following nanofabrication processes. A layer of 120 nm 

silicon dioxide as a hard etching mask was deposited on the as-

grown wafer by plasma-enhanced chemical vapor deposition. 

After the wafer was spin-coated with electron beam resist ZEP-

520A, the PhC nanobeam pattern was first defined by using 

electron beam lithography, and then the pattern was transferred 

into the hard mask by using plasma etching. Afterwards, the 

electron beam resist was etched by using O2 plasma. Then 

chlorine-based inductively coupled plasma reactive ion etching 

(ICP-RIE) was implemented to achieve PhC nanobeam 

structure within gain region. Then, wet etching method was 

subsequently performed to remove the residual silicon oxide 

and the sacrificial layer to form a suspended PhC nanobeam. 

PhC nanobeam cavity arrays were fabricated by 

systematically varying the a0 and rs of air-holes, resulting in 

nanolasers with different operating wavelengths. A SEM image 

of fabricated nanobeam cavity array is depicted in Fig. 3(a), and 

Fig. 3(b) presents the SEM image of a single PhC nanobeam 

cavity with a length (x direction) of ~ 15 µm and the width (W) 

of ~ 524 nm. Vertical and smooth etched air-holes are expected 

to play a significant role in the performance of PhC nanobeam 

lasers, especially to minimize the non-radiative surface 

recombination effect and achieve CW pumped nanolasers 

operated at room temperature. As presented in Fig. 3(c), a 

magnified view of cavity region indicates smooth profiles of 

etched air-holes, which contributes to the low lasing threshold 

of fabricated devices.  

 

Ⅲ.    NANOLASER OPTICAL MEASUREMENT 

 

    The fabricated nanobeam laser were CW optically pumped 

using a 632.8 nm He-Ne laser as excitation light in a surface-

normal μ-PL measurement system. The pumping spot was 
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focused by a 50× objective with a numerical aperture of 0.42 

and was carefully positioned in the PhC nanobeam cavity

 
Fig. 6. (a) Power-dependent emission spectra of a more compact single-mode PhC nanobeam laser on silicon. The structural parameters are W = 530 nm, a0 = 
346 nm, rs/a0 = 0.26. Inset: A tilted SEM image of the fabricated nanobeam laser. (b) Collected L-L curve and linewidth of the lasing peak at ~ 1331 nm, 

indicating a lasing threshold ~ 0.9 µW. (c) The lasing wavelength under various input pump powers. 

 

region by using piezo-electric nanopositioners. The diameter of 

the pump spot size is around 1.2 µm to 2.5 µm under 

implemented incident pump powers. And the pump powers of 

the fabricated nanobeam lasers were directly measured by 

replacing the fabricated devices with a power meter. The output 

light of PhC nanobeam lasers was collected from the top by 

using the same objective and analyzed by a monochromator 

with an InGaAs detector cooled by liquid nitrogen. Single-

mode lasing emission was observed for many PhC nanobeam 

lasers fabricated on the same wafer. Fig. 4(a) depicts measured 

power-dependent spectra of a single-mode PhC nanobeam laser 

with structural parameters W = 524 nm, a0 = 340 nm and rs/a0 

= 0.27. A sharp lasing peak (~ 1313 nm) is observed above the 

spontaneous emission background, which is within the ground 

state emission of QDs. Mainly caused by the fluctuations in 

fabrication, a slight difference exists between the designed 

lasing wavelength and measured value, as well as the measured 

Q-factor (Q = λ/Δλ = 1500) is smaller than the calculated value 

(~ 4000). The collected L-L (light-out versus light-in) curve and 

the linewidth of the lasing peak under various pump powers are 

shown in Fig. 4(b), providing the evidence of the lasing 

operation with a kink of L–L curve and the spectral linewidth 

narrowing effect. The measured lasing threshold (Pth) is around 

0.8 µW driven from the L–L curve, which should be lower if 

considering the absorption efficiency of excitation light and the 

effective pump area [36]. The lasing spectra measured just 

below the threshold with a growing resonant peak from the 

spontaneous emission background is depicted in Fig. 4(c). The 

power-dependent measured lasing wavelengths present a clear 

redshift under increased pump power as displayed in Fig. 4(d), 

which was mainly induced by the change of the refractive index 

due to the heating of the cavity. Fig. 4(e) shows a mode pattern 

image taken above threshold by an infrared camera, indicating 

a strong light spot in the central cavity region of PhC nanobeam 

laser.  

     The feasibility of tunable nanolasers on Si were 

preliminarily tested by varying the structural parameters of 

designed PhC nanobeam cavities. As illustrated in Fig. 5(a), a 

wide range of tunable lasing wavelengths around the ground 

state region was achieved in the fabricated PhC nanobeam 

lasers. For nanobeam lasers operating away from the central 

peak of ground state emission, a relatively intense spontaneous 

emission background exists in the collected lasing spectra, 

which is expected to be further suppressed by increasing the 

layers of QDs and optimizing the etching profiles of devices. 

The size of air-holes or lattice constant varies slowly across the 

designed PhC nanobeam array, resulting in a gradual shift in the 

lasing wavelength. Though there could be slight discrepancies 

between measured and designed wavelengths owing to the 

fabrication fluctuations such as the edge roughness of air-holes, 

the lasing wavelengths show a regular trend under various 

radius (rs/a0) and lattice constant (a0) as presented in Fig. 5(b). 

The lasing wavelengths were systematically blue-shifted with 

increasing the radius of air-holes (or decreasing the lattice 

constant) due to the decreased effective refractive index. This 

feature of tunable wavelength may be useful for the future 

development of ultra-compact dense-wave-division-

multiplexing light sources on Si.  
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    To further pursuit compact size of the PhC laser, PhC 

nanobeam cavity with less air-holes was designed to decrease 

the size of integrated lasers on Si, even though suffering from a 

weakened mode confinement. However, the proper choice and 

design of the numbers of air-holes will not degrade the Q-factor 

critically. Therefore, lasing operation can still be sustained 

within such a small 1D PhC nanocavity. This kind of compact 

nanobeam laser with tapered cavity region also has the 

capability for the future integrated electrically pumped 

nanolasers on Si [37]. Fig. 6(a) presents power-dependent 

lasing spectra of a single-mode PhC nanobeam laser with a 

small physical volume of ~ 8 × 0.53 × 0.36 µm3 (~ 25 (λn−1)3). 

The inset of Fig. 6(a) shows a tilted SEM image of the 

fabricated ultra-compact 1D PhC nanobeam laser. The 

measured output PL intensity and the linewidth of the lasing 

peak as a function of incident pump powers are shown in Fig. 

6(b), which exhibits the evidence of the lasing operation with a 

threshold estimated ~ 0.9 µW. The inset of Fig. 6(b) shows the 

measured spectra just above the threshold. A redshift of lasing 

peak under higher pump power was also observed in this ultra-

compact 1D PhC nanobeam laser, as presented in Fig. 6(c). The 

presented lasing threshold Pth of the fabricated 1D PhC 

nanolasers directly grown on Si is in the same order of PhC 

lasers grown on its native substrate [38-40], which is mainly 

attributed to the insensitivity to defects and high crystal quality 
of the grown QDs on Si. A fabricated high Q-factor PhC 

nanocavity is also essential to achieve the laser operation at 

room temperature under CW excitation [38]. 

 

Ⅳ.    CONCLUSION 

    In conclusion, we report ultra-compact InAs/GaAs QD 1D 

PhC nanobeam lasers monolithically grown on a planar CMOS-

compatible Si (001) substrate. The fabricated PhC nanobeam 

lasers were CW optically pumped under room temperature, 

exhibiting a single-mode lasing operation and a low lasing 

threshold of ~ 0.8 µW. Besides, multi-integrated laser sources 

were preliminarily studied by slightly tuning the lattice constant 

or radius of air-holes of a PhC nanobeam laser array. The 

demonstrated ultra-compact Si-based 1D PhC nanobeam lasers 

in this work are expected to play a key role in the photonic 

applications such as short-distance optical communication and 

data centers. 
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