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Status of Effort and Summary: 

Over the three year project period, we have carried out the proposed research tasks as listed in 
the proposal. Specifically, we have made the following acheivements:  

(1). Development of programs for rate equation analysis and establishment of the theoretical 
foundations for the high performance laser cavity design. Our design will have superior 
cavity performance in terms of  low energy cost, high quality factor, and small cavity 
volume, compared to the current state-of-the-art LEAP (λ-Scale Embedded Active Region 
Photonic Crystal) laser reported from NTT group. 

(2). Based on the cavity analysis, we proposed an attojoule laser structures based on photonic 
crystal nanobeam (PCNB) cavities with  lateral fins (US provisional patent filed). We 
carried out both electrical and optical investigations and achieved cavity designs with 
improved electrical performance while maintaining excellent optical properties.  

(3). Fabrication process development: in order to achieve the proposed nanobeam cavity with 
fin scheme, the first investigation is SiN based nanobeam cavities with and without fins. 
We demonstrated the effect of fins on the optical cavity performance. The results have been  
published. 

(4). Characterization of high speed laser: multiple 1.3 µm QD edge emitting lasers were 
fabricated and tested their small signal modulation properties. These demonstration is 
investating wafer active lawer for future nanobeam laser with fin. 

(5). Additionally, phase tuning capabilities is investigated theoretically in photonic crystal 
cavities. Full 2p phase shift is feasible based on our study. These results can be 
incorporated in our laser cavity designs for potential phase based modulations as well. 
Another patent application is being filed on high speed phase modulations. 

(6). We also established new collaborations with researchers in Sandia National Labs, through 
their CINT user programs, where both cavity scaling and energy efficiency will be 
investigated through collaborations with Sandia Researchers. 
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1 The State of the Art: LEAP Lasers 

In order to achieve energy efficient lasers, scaling in laser cavity is critical. While nanolasers 
based on metallic cavities have been pursued as the ultimate limit in nanolasers, the efficiency of 
these lasers are extremely low due to the loss associated with the metallic cavities. On the other 
hand, dielectric photonic crystal cavities have shown to be a powerful platform in scaling towards 
the desired volume for attojoule lasers while maintaining high quality factors. Shown in Fig. 1 is 
the state of the art summary for different laser 
cavities. Note that the best laser so far is the 
photonic crystal LEAP (λ-Scale Embedded 
Active Region Photonic Crystal) laser 
reported by NTT group in Japan. They 
reported different LEAP laser designs to 
achieve high speed lasers with low energy 
cost. 

On one design with volume of 0.11 µm3, 
they achieved energy cost of 10 fJ/bit at 25 
Gbps, with WPE of 7.35%. On another 
design with volume of 0.04725 µm3, they 
achieved energy cost of 1 fJ/bit at 10 Gbps, 
with WPE of 0.19%. 

 Based on these results, we carried out 
detailed rate equation analysis to figure out 
the desired laser cavity parameters. Based on the findings, a novel nanobeam cavity with fin 
structure was also proposed and investigated, for further cavity scaling for sub-fJ/bit operations. 
2 Rate Equation Model Analysis  

2.1 Rate Equation Basics 
The characteristics of 

semiconductor lasers are governed 
by the well-known rate equations 
which describe the coupling, or 
interaction, of carrier density and 
photon density [1]. As shown in Fig. 
2, it desicribes how to the whole 
process from injected carriers to 
emitted photons.    
The rate equations for the carrier 
density and the photon density in the 
active region are: 

𝑉!
𝑑𝑁
𝑑𝑡

=
𝜂"#$𝐼
𝑞

− *𝑅%& + 𝑅#'-𝑉! − (𝑅() − 𝑅)()𝑉! (1) 

𝑉*
𝑑𝑁&
𝑑𝑡 = (𝑅() − 𝑅)()𝑉! + 𝑅+%&𝑉! −

𝑁&𝑉*
𝜏&

(2) 

 
Fig. 1 Laser energy cost state of the art. 

 
Fig. 2 Rate Equation Process Flow [1] 
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where N  is the carrier density, Np is the photon density, Vc is the volume of active region, Vm is 
the mode volume, I is the injection current, 𝜏!  is the photon lifetime, Rsp is the spontaneous 
recombination rate, 𝑅"#!  is the spontaneous emission to lasing mode, Rnr is the nonradiative 
recombination rate, 𝑅$% is the stimulated recombination rate, 𝑅%$ is the absorption recombination 
rate, 𝜂&'( is the injection efficiency, 𝐼 is the injection current, q is elementray charge. 

For the carrier density part, the first part ()!"#*
+

) means how many carriers inject into the laser 

system. The next term (%𝑅#! + 𝑅','𝑉𝑐) means how much carriers are lost to nonradiative and 
spontaneous recombinations. Conisder the Einstein coefficient, the nonradiative and spontaneous 
part could be coverted to: 

*𝑅%& + 𝑅#'-𝑉𝑐 = (𝐴𝑁 + 𝐵𝑁( + 𝐶𝑁,)𝑉𝑐 (3) 
The final term ((𝑅$% − 𝑅%$)𝑉𝑐) describes the carriers associated with the absorption (𝑅%$) and 
sitmulated emission processes (𝑅$%), which could be disctibed by the laser gain mode (𝑔(𝑁)) in 
terms of net stimulated emission: 
 

𝑅() − 𝑅)( = 𝑣-𝑔(𝑁)𝑁& (4) 
Where,  

𝑔(𝑁) =
𝑔.

1 + 𝜀𝑁&
l𝑛 >

𝑁 + 𝑁%
𝑁/' +𝑁%

? (5) 

𝑔- is empirical gain coefficient, 𝑁# is gain coefficient fitting parameters, 𝑁., is transparent carrier 
density,	𝑣$	is group velocity in the active region and e is Gain compression factor. 

For the rate equation of photon density, the first term is the photons generated associated with the 
net stimulated emission (𝑅$% − 𝑅%$)𝑉𝑐. The second term is related to the photons generated from   
spontaneous emission process which contributes to lasing photons in the cavity: 

𝑅+%&𝑉𝑐 = 𝛽𝑅%& = 𝛽𝐵𝑁( (6) 

The final term (/%0%
1%

) shows the photons lost as the emitted laser power. 

Based on the above analysis, we can rewrite the rate equations: 
𝑑𝑁
𝑑𝑡

=
𝜂&'(𝐼(𝑁)
𝑞𝑉𝑐

− (𝐴𝑁 + 𝐵𝑁$ + 𝐶𝑁2) − 𝑣3𝑔(𝑁)𝑁!(𝑁)	 (7) 

and 
𝑑𝑁!
𝑑𝑡 = 𝛤𝑣3𝑔(𝑁)𝑁! + 𝛽𝐵𝑁$𝛤 −

1
𝜏!
𝑁! (8) 

where tp is the photon lifetime and %
1%
	=	4

5
, 𝛤 is the optical confinement factor, 𝛽 is the spontaneous 

emission factor.  

2.2 Steady-State Performance on Power and Threshold 
From equations (7) and (8), we can model and calculate the laser emission response under 

dynmic and steady-state condition. When we cndier steady-state condition, the carrier and photon 
densities will be a constant. So, 6/

6.
= 0 and 6/%

6.
= 0. We can obtain steady-state functions for both 
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I and P: 

𝐼(𝑁) =
𝑞𝑉𝑐
𝜂&'(

@𝐴𝑁 + 𝐵𝑁$ + 𝐶𝑁2 + 𝑣3𝑔(𝑁)𝑁!(𝑁)A (9) 

and 

𝑃78. =	𝜂78.
1
𝜏!
𝑉9𝑁! = 𝜂78.(𝜂&𝛤𝑣3𝑔(𝑁)𝑁!𝑉9 + 𝛽𝐵𝑁$𝛤𝑉9) (10) 

Where 	𝜂78. = 𝑄/𝑄: 	is	optical output efficiency of the laser. Q is total quality factor of device and 
𝑄: is quality factor contributing to the laser output.  
 
Threshold current is another very important parameter need to be studied. On threshold condition,if 
we assume that only a small fraction of the spontaneous emsission is coupled into the mode (i.e.,	
𝛽	is	quite	small), then the second term of equation (8) can be neglected: 

𝑔.; = (
1

𝑣3𝜏!𝛤
) (11) 

Thus, the carrier density on threshold condition is: 

𝑁.; = (𝑁., + 𝑁#) ∙ 𝑒𝑥𝑝 J
𝑔.;
𝑔-
K − 𝑁# (12) 

Combining euqaitons (9) and (12), threshold current could be consider as: 

𝐼%𝑁.; , 𝑁!' =
𝑞𝑉𝑐
𝜂&

@𝐴𝑁.; + 𝐵𝑁.;$ + 𝐶𝑁.;2 + 𝑣3𝑔(𝑁.;)𝑁!(𝑁.;)A (13) 

To validate our model, we first consider the LEAP laser structure [1](cavity length=2.5μm, 
wdth=0.3μm), and try to compare the simulation results obtained from our model with the results 
reported. In the simulation,	𝑄: is fixed at 6,000 and Q factor vary from 100 to 6000. For the output 
power simulation, the input current is set to be at 0.1 mA. The complete definition of parameters 
is shown in Table 1 for 1300 nm InGaAs QD material system on GaAs (for nanobeam laser) and 
1550 nm InGaAs QW material system on InP (for LEAP laser). 

 
The  simulated results based on our model are shown in Fig. 3(b) and Fig. 3(d)  for the threshold 

current and output power, respectively. Shown in Fig. 3(a) and Fig. 3(d) are the simulations results 
reported in [1] . The results agree very well the publicated ones.   

Table 1 Parameters for rate equation analysis. 

Symbol Parameter Value(InGaAs/GaAs) Values (LEAP)	 Units 
A Non radiative recombination coefficient Negligible [1] 5.0×108 s-1 
B Radiative recombination coefficient 0.8×10-10 [1] 1.7 ×10-10 cm3s-1 
C Auger recombination coefficient 3.5×10-30 [1] 1.0 ×10-28 cm6s-1 
λ Operating Wavelength 1300 1550 nm 
T Temperature 300 300 Kelvin 
𝑔& Empirical gain coefficient 1800 [1] 1742 cm-1 
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𝑁' Gain coefficient fitting parameters -0.4×1018 [1] -1.05 ×1018 cm-3 
𝑁() Transparent carrier density 1.8×1018 [1] 1.405 ×1018 cm-3 
c Speed of light 3.0×1010 3.0 ×1018 cm/s 
e Gain compression factor 1.5×10-17 [1] 3.0 ×1017 cm3 
𝑉*+ Built in potential 0.7 [2] 0.6 Volt 
vg Group velocity in the active region 0.7143×1010 [1] 0.78 ×1010 cm/s 
q Electron charge 1.602×10-19 1.602×10-19 Coulo

mb 𝑅' Series resistance of the laser  5191 29×103 Ohm 
G Optical confinement factor ~0.195 0.03 --- 
𝜂+,- Carrier injection efficiency 0.8 [1] 0.4 --- 
𝜂&.( Optical output efficiency of the laser Q/Qc Q/Qc --- 

 

2.3 Dynamic Performance and Efficiency Estimate 
 To further explore the electrical and optical performance of lasers, the relation between a 

small-signal modulation of injection current and the laser output power can give us more insights 

 
Fig. 3 Threshold Current and Output Power Simulation Comparisons. (a) Threshold current simulation of the 
LEAP laser. (b) Threshold current simulation based on our model under 𝛤 = 0.03. (c) Output power simulation 
of the LEAP laser under input current Iin=0,1mA. (d) Output power simulation of our model under 𝛤 = 0.03 and 
Iin=0.1mA. 
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about the operation properties, such as bandwidth, energy cost, and wall-plug efficiency (WPE). 
To study the operation speed and energy cost of semiconductor lasers, let us start from the 
relaxation effect of the photons and carriers. Under a small-signal perturbation, the relaxation 
resonance frequency (𝑓,) of a laser can be described as [1] 

𝑓' =
1
2𝜋E

𝛾##𝛾&& + 𝛾#&𝛾&# (14) 

Where, 

𝛾## =	
𝜕*𝑅#' + 𝑅%&-

𝜕𝑁
+
𝜕𝐺
𝜕𝑁

𝑁&, 𝛾&& = −K𝛤𝐺 + 𝛤
𝜕𝐺
𝜕𝑁

𝑁& −
1
𝜏&
M

𝛾&# = 	𝛤
𝜕𝐺
𝜕𝑁

𝑁& + 	𝛤
𝜕𝑅%&
𝜕𝑁

, 𝛾#& = 𝐺 +
𝜕𝐺
𝜕𝑁

	𝑁&

 

And then, the 3dB resonance frequency is: 

𝑓,01 =
N−O

𝛾&&
2𝜋P

(
+ 2𝑓'

( + Q(
𝛾&&
2𝜋)

2 − 4(
𝛾&&
2𝜋)

(𝑓'
( + 8𝑓'

2

2
(15)

 

Thus, the 3dB bandwidth is: 
𝐵 = 1.3𝑓,01 (16) 

As we discussed previously, 3dB bandwidth and ouput power will impact each other. In order to optimize 
the output power and speed response, A figure of merit (FOM) function was introduced [1]: 

𝐹𝑂𝑀 = 𝐵 ∙ 𝑃34/ (17) 
The injection power (𝑃"#) for the laser is 

𝑃"# =	𝑉5"𝐼 + 𝐼(𝑅% (18) 

The energy cost (𝐸:) in this report is defined as the power consumption divided by modulation 
speed of the laser,  

𝐸! =	
𝑃"#&

1.3	𝑓,01
=	
𝑉5"𝐼 + 𝐼(𝑅%
1.3	𝑓,01

(19) 

where 𝑓26< is the 3-dB bandwidth of the laser, and 1.3	𝑓26< corresponds to the non-return-to-zero 
(NRZ) signal modulation bandwidth.  
Therefore, the WPE of a laser is defined as  

𝑊𝑃𝐸 = S
𝑃78.
𝑃&'!

T × 	100	% (20) 

Similar procedures were taken to simulate the 3dB modulation bandwidth and FOM parameters 
for different Q factors, as shown in  Fig. 3(b) and Fig. 4 (d), respectively. Shown in Fig. 3(a) and 
Fig. 4(c) are the reported simulation results from LEAP lasers. [1] The results agree very well also. 

Efficiencies were also simulated based on our model. The simulation is based on the LEAP laser 
structure (wdth=0.3μm). 𝑄! is fixed at 6,000 and Q factor is fixed at 2,000. Cavity size is changed by chaing 
the device length (L) only. The resistance is related with L as R=𝜌/𝐿, where resistivity 𝜌=	10000𝛺 ∙ 𝜇𝑚. 
The results are shown in Fig. 5. For each subplot, the left one is reported results, and the right one is 
simulation result from our model. Fig. 5 (a), (c), (e) and (g) are simulations with 1mW input electron power. 
Fig. 5 (b), (d), (f) and (h) are simulations with 10mW input electron power. Obviously, all our simulation 
results are matched with LEAP laser reported results. So, our simulation mode could work to simulation 
output power, threshold current, 3dB repsone, FOM and energy cost with differernet Q factors and different 
structures. 
 



8 

 
 

Fig. 4  3dB Bandwidth and FOM Simulation Comparison. (a) 3dB response simulation of LEAP mode  under input 
current Iin=0,1mA. (b) 3dB response simulation of our mode under 𝜞 = 𝟎. 𝟎𝟑 and Iin=0.1mA. (c) FOM simulation 
of LEAP mode under input current Iin=0,1mA. (d) FOM simulation of our mode under 𝜞 = 𝟎. 𝟎𝟑 and Iin=0.1mA 
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2.4 Conditions	for	attojoule	lasers	
In order to find out the cavity design conditions for attojoule lasers, we investigated both the 

impact of the cavity volume Vc and cavity confinement factor Q. 

2.4.1 Impact	of	the	cavity	volume	Vc	
We first consider the impact of the cavity volume on the laser performance by assuming a fixed 

cavity Q of 10,000. The results are shown in Fig. 6. We first consider 1,550 nm InP based material 
system,   the threshold current decreases with the reduction in the  the cavity volume. However, 
there is an optimal cavity volume for optimal wall plug efficiency, as shown in the shaded area in 
Fig. 6(a), at Vc=0.1-0.8 µm3. At the same volume region, the laser has high 3dB bandwidth and 
lowest energy cost (1fJ/bit) (Fig. 6(b)). 

Similar trends can be found for 1,300 nm GaAs material system (Fig. 6(c,d)), with  the optimal 
cavity volume changed slightly (Vc~0.07-0.7 µm3). The minimal energy cost achieved here is 0.6 
fJ/bit.    

 
Fig. 5  Laser Specification Variation with Different Device Strcutre size Change.(a) Output power simulation 
reported by LEAP(left) and our mode (right) with 1mW input electrical power. (b) Ouput power simulation reported 
by LEAP(left) and our mode (right) with 10mW input electrical power.(c) 3dB response simulation reported by 
LEAP(left) and our mode (right) with 1mW input electrical power. (d) 3dB response simulation reported by 
LEAP(left) and our mode (right) with 1mW input electrical power. (e) FOM simulation reported by LEAP(left) and 
our mode (right) with 1mW input electrical power. (f) FOM simulation reported by LEAP(left) and our mode (right) 
with 10mW input electrical power. (g) Energy cost simulation reported by LEAP(left) and our mode (right) with 
1mW input electrical power.(h) Energy cost simulation reported by LEAP(left) and our mode (right) with 10mW 
input electrical power. 
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Fig. 6. Impact of cavity volume Vc on: (a, c) wall plug efficiency and threshold, and (c, d)energy cost and  3dB 
bandwidth. (b, d). The simulation is done underQ=10,000 and 1mA input current conditions. Both InP (a, b) at 1,550 
nm and GaAs (c, d) at 1,300 nm) are considered.    

2.4.2 Impact	of	cavity	quality	factor	Q	
To achieve low energy cost with moderate operation bandwidth, the cavity Q-factor and 

confinement factor should be taken into careful consideration. In this section, we consider two 
material systems with two types of laser cavities.  

(i) Reference cavity: 1,550 nm QW based LEAP lasers as reported by NTT group [1]; 
(ii) Target cavity: 1,310 nm QD based nanobeam lasers proposed here. 
Due to the larger overlapping with the active material, a strong optical confinement can reduce 

the threshold current, and enhance laser output power, and thus improve the modulation speed. On 
the other hand, high Q-factor can limit the bandwidth due to the strong damping effect. Assume 
the cavity Q factor fixed at 200,000 to make sure the total Q could sweep from 2,000 to 200,000. 
We investigate the cavity design requirements with respect to the goal of minimal energy cost. 
Based on the results shown in Fig. 6, for lowest energy cost, we set the cavity volume Vc=0.0217 
µm3. Shown in Fig. 7 are the simulated laser performance results for 1,550 nm InP based QW 
material system (Fig. 7 (a,b) and 1,310 nm InGaAs GaAs based QD material system (Fig. 7 (c,d)). 
For both material systems, the lasing threshold reduces with the increase of the cavity Q factors. 
Accordingly the wall-plug efficiency (WPE) increases with the increase of the Q factors. Both wall 
plug efficiency and threshold reach saturation beyond Q factor of 40,000. This suggest that lasing 
cavity Q factor should be designed to be in the range of 10,000’s.  
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On the other hand, there exists optimimal Q factor ranges for both 3dB bandwidth and energy 
cost, as shown in Fig. 7 (b,d). At first, increasing Q factors up to 7-8,000, 3dB bandwidth increases 
and energy cost reduces. However, further increase in Q factor results in reduction in 3dB 
bandwidth. Energy cost remains low until Q factors increased to 40-50,000.    To achieve low 
energy cost while maintaining larger bandwidth, we can obtain a range of the Q-factor by trading 
off between the two parameters. The Q-factor regions between these critical points (shaded areas) 
indicate that the cavity can have a lower energy cost and higher bandwidth, which is our criterion 
for the cavity design (show in the shaded region in Fig. 7).  The minimum energy cost and 
maximum bandwidth of our cavity are shown in Table 2. Compared with LEAP laser (by NTT 
group, shown in the last column of report (Table 2), the threshold current with the nanobeam design 
in this report is 2.8μA (or 68.5% lower) and energy cost is 0.48 fJ/bit (or 50.3% lower). Therefore, 
our design strategy can achieve better electrical performances in terms of the energy cost and 
threshold current.  

In summary, we investigated the cavity design conditions for sub-fJ/bit (attojoule) lasers. It is 
possible to achieve 0.5-0.6 fJ/bit operation from a 1,300 nm QD material system with wall plug 
efficiency of 30% and threshold current of 1.29 µA. However the 3dB bandwidth is limited to only 
6-13 GHz. On the other hand, higher speed lasers (13-21 GHz) can be achieved from an 1550 nm 
InP material based lasers, though the energy cost is higher (0.8-1 fJ/bit) and the wall plug efficiency 
is also lower (12%). The threshold is also higher (5.68 -7 µA). 

 

 
 

Fig. 7 Impact of cavity Q factors  on: (a, c) wall plug efficiency and threshold, and (c, d) energy cost and  3dB 
bandwidth. The simulation is done under Vc= 0.0217μm3,Vm= 0.1113 μm3.( The shaded regions correspond to a 
laser device that has lower energy cost . 
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Table 2 Electrical Performance of the Nanobeam Laser. 

 1,300 nm InGaAs QD  1,550 nm InGaAsP QW 1,550 LEAP [3] 
Optimization 
Target Energy Cost 

3dB 
Bandwidth  Energy cost 

3dB 
Bandwidth Energy Cost 

Q-factor 4.6×104 8,000  1.6 ×104 4,000 2.3×104 
Cavity Volume 
Vc (μm3) 0.0217 0.0217  0.0217 0.0217 0.0038 
Mode Volume 
Vm (μm3)  0.1113 0.1113  0.1113 0.1113 0.0422 
G 0.195 0.195  0.195 0.195 0.03 
Energy cost 
(fJ/bit) 0.48 0.6  0.8 

 
1.01 0.96 

3dB bandwidth 
(GHz) 5.9 12.9  12.88 

 
21.38 - 

WPE (%) 29.9 29  12.1 11.52 - 
Threshold 
current (μA) 1.29 1.74  5.68 

 
7.14 4.1 

 

3 Proposed Nanobeam Laser Cavities with Fins  

3.1 Introduction	
During the last several decades, the field of photonic crystal have seen drastic developments 

in both theory and application [4-8]. Scaling of optical cavities has been of great interests for future 
high performance, low energy consumption and high-speed optical devices such as semiconductor 
lasers, light emitting diodes, optical sensors, and modulators. Nanobeam cavity, among other 
microcavities, has drawn stronger attention for its superior characteristics of ultra-compact size, 
extreme low mode volume (V), and high quality (Q) factor [9-12]. These characteristics have made 
nanobeam cavity a competitive candidate for nano lasers, on-chip modulators, optical switches, 
and filters [13]. In the past decade, nanobeam cavity on Ⅲ-Ⅴ platform has achieved lasing 
threshold of 2.3 µW by optical pumping [14] and 5 µA by electrical pumping [15]; Integrated lasers 
on silicon nitride nanobeam cavity have also demonstrated to be promising options for lasers on 
Si [16, 17]. Nanobeam modulators on Si and Si integrated platforms have reached footprint of a 
few µm2 [18] in experiment and have potentials to realize high modulation speed larger than 100 
GHz at the energy efficiency below fJ/bit theoretically [19, 20]. Nanobeam based optical switches 
utilize thermo-optic (TO) [21], Electro-optic effect [22], and Kerr nonlinearity [23] have been of 
growing interests for its simplicity in fabrication. On-chip nanobeam sensors can obtain figure of 
merit >2, 000 for label free sensing, one order higher compared to other PC sensors [24]. 

However, the natures of ultra-high performance nanobeam resulted from deep etching [25] and 
suspending [26] also compromises the implementation of nanobeam structures. Current nanobeam 
cavities have non-negligible trade-offs in electrical/optical/mechanical/thermal efficiencies due to 
the required high index contrast cladding and suspended structure. Earlier, non-suspending tunable 
nanobeam cavities were reported with one-sided nano-tentacles (connecting fins) that improves 
thermal conductivity and tunability [27]. Other configurations of vertical supporting structure were 
also proposed that offers electric injection for nanobeam lasers [15]. 

In this work, we propose and investigate a suspended silicon nitride PCNB cavity with lateral 
nanorod fin structures on both sides of the nanobeam cavity, where the alignment of the fin position 
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is tunable to achieve a range of desired Q-factor and resonance wavelength. We also compare the 
optical performances of the very same PCNB with and without fins. The PCNB structures are 
shown schematically in Fig. 8(a) and Fig. 8(c), for PCNBs without and with fin structures, 
respectively. Shown in Fig. 8(b) and Fig. 8(d) are scanning electron micrographs (SEMs) for 
PCNBs without and win fins, respectively. Compared to the traditional suspended nanobeam 
cavity, the introduction of the lateral fins improves the mechanical strength, thermal conduction, 
and electrical carrier injection of the suspended PCNB cavity.  

 

 
Fig. 8  (a), (c) Schematic illustrations and (b), (d) Scanning electron micrographs of the suspended nanobeam cavity 
without, and with fin structures, respectively. Scale bars in (b) and (d) are 1 µm. 

3.2 Optical	Design	of	Nanobeam	Lasers		
To implement ultralow energy cost and ultrafast information processing, we have shown earlier 

that a moderate mode Q-factor (~104), modal volume, and higher confinement factor are the key 
factors.  In the current microlaser technology, bandgap defect states in nanobeam structures have 
higher Q (~106) while maintaining a low mode volume (~0.09 μm3) [28]. Equipped with the lateral 
current injection scheme, reference [2, 29] demonstrate nanobeam cavities with mode volume of 
0.02 μm3. Starting with the nanobeam design, we simulate the optical performances with MEEP 
and COMSOL Multiphysics. The schematic of the design is shown in Fig. 9. The initial nanobeam 
cavity design is a suspended nanobeam cavity. The air holes with uniform spacing are designed 
outside taper region to serve as Bragg mirrors and provide mode confinement [2, 30], as shown in 
Fig. 9. A gradually increasing air hole radius in the taper region introduces the adiabatic change of 
effective refractive index to reduce the mode scattering and enhance mode confinement more 
effectively.  

(a) (b)

(c) (d)
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The thickness of our GaAs quantum dot (QD) wafer is 230 nm (Table 3). The defect resonance 
mode is designed on the dielectric band and light will be mainly concentrated at the dielectric 
region (Fig. 10) for better overlapping with the buried MQWs. To design a nanobeam cavity with 
higher Q at a resonance wavelength around 1300 nm, we optimize its structural parameters such 
as lattice constant, air hole filling ratio, number of air holes in the taper region, waveguide width, 
and defect region length. The width of the nanobeam design in Fig. 9 is 450nm, where the 
fundamental mode is optimized for a near-maximal Q-factor. We focus on the fundamental mode 
due to its better optical confinement and higher-quality communication. In the taper region, there 
are 5 air holes with linearly changed periodicity a=263 nm, 275 nm, 287 nm, 298 nm, and 310 nm 
in each side of the mirror plane (total 10 air holes in the taper region). The lattice constant and air 
filling ratio of the air hole array for the Bragg mirrors is a=322 nm and r/a=0.305, respectively. 
The defect region of the nanobeam cavity has a length of 100 nm to support a fundamental mode 
at λ=1284 nm with a quality factor of 7.8*105, a mode volume in physic region (defined in [28]) 
of 0.0206 μm3 and a confinement factor is 0.195.  

Table 3 Three-Layer Quantum Dots Heterostructure [29]. 

 
Fig. 9 Schematic of a Nanobeam Cavity Design. The nanobeam cavity is formed by a defect region surrounded by 
tapered air holes and confined by the DBR mirrors. A 100nm defect area can support a fundamental mode at the 
wavelength of 1300nm. 

 
Fig. 10  Ey Filed Distribution of the Fundamental TE Mode in the Nanobeam Cavity. 

 

Layer Material Thickness QD(InAs) density Index 

spacers GaAs 56nm - 3.406 
strain-reducing In(0.15)Ga(0.85)As（InAs dots） 6nm ~300 dots/μm2 3.4601 

DBR Mirror DBR Mirror
Taper
~3µm ……

100nm defect area

x

Ey

z
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3.3 Photonic	crystal	nanobeam	cavity	design	
The PCNB cavity is designed to utilize the maximum mirror strength in the 1-D PC, thus it is 

desirable to have a symmetric radius taper of 6 periods on each side about the center of the cavity 
according to the deterministic method [31]. As shown in Fig. 11(a), two different parabolic radius 
tapers are fabricated, one with taper radius changing from 46.9 nm to 66.8 nm (taper01, red square), 
and another with taper radius changing from 52.8 nm to 69.2 nm (taper02, blue circle), to verify 
the mirror strength theory. Fig. 11(b) shows all the key design parameters for PCNB with fins, 
including cavity thickness t, PC non-taper regular radius r, PC lattice constant a, fin width w, beam 
width Wb, and the fin alignment position D. We define D=0 for fins aligned to the center point of 
2 airholes, as shown by the solid fins; and D=0.5a for fins aligned to the center of each airhole, as 
shown by the transparent fin. The optimized values by the deterministic recipe in [31] for these 
parameters are r =71.8 nm, a =272 nm, w=30 nm, t=150 nm and Wb=300 nm for the target 
resonance wavelength at 660 nm. 

 

Fig. 11 (a) Fabricated radius taper of the nanobeam cavity (inset is the SEM image of the taper part, and (b) defining 
parameters of the nanobeam cavity, the dashed arrow and the transparent fin illustrate the fin position shift in the 
cavity array. 

Previous work by J. Zhang [27] has demonstrated that the presence of an optimized lateral 
tentacle structure on one side of the cavity has minimal effect on the optical performance of the 
cavity. To investigate impact brought by the presence of fins on both sides of our PCNB cavities, 
we explored 2 scenarios of nanobeam cavity in numerical simulation as shown in Fig. 12: a 
suspended nanobeam (a) without and (b) with fins; and a nanobeam cavity on SiO2 substrate (c) 
without and (d) with fins. Simulations are performed with the finite-difference time-domain 
(FDTD) method, using an open-source software package [32]. It shows that the presence of fins 
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spacers GaAs 50nm - 3.406 
strain-reducing In(0.15)Ga(0.85)As（InAs dots） 6nm ~300 dots/μm2 3.4601 
spacers GaAs 50nm - 3.406 
strain-reducing In(0.15)Ga(0.85)As（InAs dots） 6nm ~300 dots/μm2 3.4601 
spacers GaAs 56nm - 3.406 
Sacrificial Al(0.95)Ga(0.05)As 1000nm - - 
Substrate GaAs (n) - - 3.406 
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on our PCNBs also has minimal impact to the mode distribution in the cavity and brings less than 
2% change in Q-factor when fins are thin (~0.1a) and aligned to the electric field minima. This is 
verified by the experimental data shown later. 

 

Fig. 12  Comparison of simulated Ey component of the electrical field distribution and quality factor of  suspended 
Si3N4 nanobeam cavity (a), without and (b), with lateral fins (fin width 0.1a, 2nd order band edge of air mode)., and 
of Si3N4 nanobeam cavity on SiO2 substrate (c), without and (d), with lateral fins (fin width 0.2a, 1st order band 
edge of dielectric mode). 

3.4 Fabrication	and	measurement	

3.4.1 Fabrication	
The fabrication process of the PCNB cavities includes Si3N4 film deposition on Si wafer and 

PCNB cavity pattern lithography. The 150 nm thick Si3N4 film is stoichiometrically grown with 
low pressure chemical vapor deposition (LPCVD) method at 770°C on p-type silicon wafer in a 
Tystar Tytan nitridation furnace. The patterning of PCNB cavity consists of standard electron 
beam (e-beam) lithography (EBL), directional reactive ion etching (RIE) of Si3N4 layer, isotropic 
RIE of Si substrate, stripping and plasma cleaning of the e-beam resist. 
The EBL process starts from spin coating (4000 rpm, thickness 371 nm) of e-beam resist (ZEP 
520A), followed by pre-baking at 180°C for 3 minutes, and afterwards e-beam exposure under 
accelerating voltage of 20 kV on the Nanometer Pattern Generation System (NPGS, by J. C. Nabity 
Lithography Systems). The exposed pattern is then developed by Amyl Acetate under refrigeration 
temperature for 60s followed by a post-baking at temperatures heating up from 60 °C to 100 °C. 

The PCNB pattern on the e-beam resist is then etched onto the Si3N4 layer by inductively 
coupled reactive ion etching (IPC-RIE) process, at gas flow rate ratio of SF6: CHF3: He = (1: 2.5: 
2.77), with resulted aspect ratio of 5.3. A following isotropic IPC-RIE process with only SF6 gas 
etches the Si substrate to create the suspension of the PCNB on Si3N4. The residues of e-beam 
resist are then dissolved in N-Methyl-2-pyrrolidone (NMP) solution heated up to 75 °C. The 
suspended thin fins are proved to be intact during this wet process, but the mostly used combination 

Q = 98,044

Q = 10,000

Q = 10,884

Q = 100,000

(a) (b)

(c)

(d)
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step of ultrasonication is completely prohibited. Instead, a final process of oxygen plasma ashing 
for 1 hour completely cleans up all the remains of e-beam resist. 

3.4.2 Measurement	and	analysis	
For the nanobeam cavity design without lateral fins, two different tapers are fabricated and 

compared on the same 1-dimensional (1-D) PC structure, with the taper profiles shown Fig. 11(a). 
The resonance wavelength of the 1-D PC is determined by the photonic band diagram, as shown 
in Fig. 13(a) where the air band (solid lines) and dielectric band (dashed lines) are plotted for 1-D 
PCs with different r/a ratios. For the target wavelength at 660 nm, r/a=0.27 is picked. The 
fabricated cavity resonance is then measured by optically pumping the Si3N4 cavity with a 450 nm 
laser to activate the defect states in the Si3N4. Shown in Fig. 13(b) is the measurement result of 
cavities where a series of radius offset is scanned to achieve the target device dimension. For both 
tapers, the resonance wavelength shifts linearly, with Q-factor maximizes near the optimized 
radius. Taper02 has a closer match of radius profile to the optimized design and the optimized 
cavity resonance spectrum is shown Fig. 13(c). The highest Q-factor obtained is 2.3×104 with full 
width at half maximum (FWHM) of 28pm. Shown in the inset is the full spectrum measured. Fig. 
13(d) shows the SEM image of taper02. 

 

Fig. 13  (a) Photonic band plot of 1-dimentional photonic crystal structure for r/a ratio of 0.2, 0.27, and 0.29, shaded 
region is the light cone of Si3N4. (b) measured resonance wavelength and quality factor of two different taper structure 
at different radius offsets. (c) measured optical emission spectrum around the resonance peak and its Lorentzian fitting 
(inset is the full range spectrum) of one nanobeam cavity without fin that has the same radius as the cavity with fins. 
(d) top view SEM of the taper region on the suspended nanobeam cavity without fins. 

After confirming the cavity radius taper profile, arrays of nanobeam cavities with fins are 
fabricated with fin alignment varies from the center point of 2 airholes (defined as D=0) to the 
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center of each airhole (defined as D=0.5a). At D=0, the presence of fin rod has minimal influence 
on the distribution of the electromagnetic (E&M) field distribution compared to non-fin nanobeam 
cavity, as shown in the measured spectrum in Fig. 14(a), where the measured Q=2.46×104 and 
FWHM=26 pm. The true Q-factor can be higher since the resolution on our testing setup is limited 
to resolve finer peaks. This is close to the result shown in Fig. 13(c) and agrees well with the 
simulation result described in the previous section. As the fin position shifts to the center of each 
airhole, the E&M field starts to couple to the lateral rod. As a result, the confinement (Q-factor) in 
the cavity is reduced and the resonance shifts to lower frequency (higher wavelength). The 
measured result is shown in Fig. 14(b), where the red (blue) dashed line is the Q-factor (resonance 
wavelength) of the nanobeam cavity with the same dimension but without fins. It agrees well with 
the simulation result shown in Fig. 14(c). The lower Q-factor in the measured result is due to both 
fabrication defects and measurement setup limit. 

 

Fig. 14  (a) Measured optical emission spectrum around the resonance peak and its Lorentzian fitting of the nanobeam 
cavity with fins aligned to the center of 2 airholes, (b) measurement result of tuning of resonance wavelength and Q-
factor as fin alignment position changes, where position D=0 is when fins are aligned to center of 2 airholes and 
position D=0.5 is when fins are aligned to airholes, (c) simulated result of tuning Q-factor and resonance wavelength 
by changing fin alignment position. 

To find out the influence of fabrication offsets in the airhole radius, fin width, and more 
importantly, the resonance tuning capability of the fin-tuning nanobeam cavity array, another 
series of PCNBs is fabricated where the radius and fin width offsets are scanned. Shown in Fig. 
15(a, b) are the measured resonance wavelength and Q-factor on PCNBs with airhole radius and 
fin width varies independently. For both D=0 and D=0.5a alignments, there is an optimized airhole 
radius and an optimized fin width. The variations of radius or fin width around the optimized 
design (r = 64.5 nm and w = 24.2 nm) cause the Q-factor and resonance wavelength change 
gradually, which agrees with the numeric simulation results shown in Fig. 15(c, d) in general. The 
minor discrepancies may be related to the fabrication variations. For both radius and fin width that 
are 10 nm away from the optimized design value, the Q-factor drops to about half of the optimized 
Q-factor. It is worth mentioning that the range of wavelength tuning by fin position broadens for 
larger airhole radiuses and for wider fins. But the broader tuning range comes with a reduced Q-
factor in both cases. 
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Fig. 15  (a) Measured and (c) Simulated resonance wavelengths and Q-factors with different radius offsets; (b) 
Measured and (d) Simulated resonance wavelengths and Q-factors with different fin width offsets. 

3.5 Electrical	Design	of	Nanobeam	Laser	
To consider an efficient current injection scheme for excitation of the defect lasing mode in 

this cavity [29, 33], we consider the impact of number of fins on the electrical performance.  
We first investigate the impact of lateral fins on the series resistance, which will in turn impact 

the overall energy cost. Different injection fin numbers have different cross section areas and hence 
different series resistance. 3D full structure simulations of different current injection schemes are 
carried out with COMSOL semiconductor module. Fig. 16 (a) shows simulated carrier density 
distributions under 2 current injection schemes: along the nanobeam waveguide (top) and through 
4-fin injection (bottom). The n-dopant and p-dopant density are 1.8×1018 cm-3, and the red-color 
region in Fig. 16 (a) is n-dopant region, and blue-color region is p-dopant region. For the side 
current injection in. the intrinsic region at the cavity center has a 500nm width. For the lateral 
current injection with fins, the whole beam region is considered as the intrinsic region.  

(a) (b)

(c) (d)

 
Fig. 16  The simulated impact of lateral fins on the charge injection series resistance:  (a) Simulated charge 
distributions for a 4-fin injection scheme (top) and  traditional injection along nanobeam waveguide scheme 
(bottom); (b) Simulated IV curves with different number of injection fins with fin width of 32 nm. Traditional along 
waveguide injection IV is also shown for comparison. And (c) Series resistances with different number sand widthes 
of injection fins. 
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Fig. 16 (b) shows the IV curves with different current injection schemes with fin width of 32 
nm. Based on the simulated IV curves, series resistances are extracted and the results are shown 
in Fig. 16(c). The series resistance decreases with more injection fins and wider fin widths.   
However, as shown later, wider fin width will result in the reduction in optical cavity quality factor. 
Considering the fabrication constraints, we set a fin width of 32 nm.  

 
Fig. 17 Schematic of electrical injection through fins structure. The background in the cavity region shows the 

Ey field distribution (TE mode) of the defect state.(a) The 10-fin injection shecmem. (b) The 4-fin injection scheme. 

Then we consider the impact of number of fins on the overall laser performance. As shown in 
Fig. 17, different number of fins may result in different effective active region (cavity volume) and 
the overlap with the optical cavity. Here the cavity Q factor is assumed to be 4.6×104 

(corresponding to the lowest energy cost with 10 injection fins). 10-fin injection scheme is first 
considered, as shown in Fig. 17 (a), in order to have the injection region cover all the field region. 
However this design results in relatively large active region, which is not favorable for minimizing 
energy cost. We then pursued a 4-fin injection scheme as shown in Fig. 17 (b). In this design, we 
place fins in the center taper region to inject electrons into cavity region.The Q-factor decreases a 
little due to the light scattering effect by the fins. Considering the Q-factor and the fabrication 
constraints, the fin width is designed at about 32 nm. With 3D FDTD simulation, a defect resonant 
mode at λ=1289 nm can be obtained with quality factor of Q=8.4*104, mode volume of 0.0215 
μm3 and confinement factor of 0.195.  However, modes with very high Q will result in reduced 3-
dB  bandwidth and the output power [34]. Therefore, the optical impacts of the lateral fin structures 
on the electrical properties are negligible if the cavity design is optimized with these tradeoffs.  

The simulated impact of number of fins is shown in Fig. 18. As shown in Fig. 18(a), the active 
cavity volume Vc scales uniformly with the number of fins. This is related to the uniform increase 
in the the injection width, as illustrated in the insets of Fig. 18(a). The carrier density distributions 
(insert plots Fig. 18 (a)) are simulated with COMSOL Multiphysics semiconductor module. The 
n-dopant (bottom fin region) and p-dopant (top fin region) densities are 1.8*1018 cm-3. The regions 
inside the red frame are the active regions defined by such current injection scheme through the 
fin structure. We assume that the current density mainly concentrates within the red frame, 
corresponding to the black dash lines in Fig. 18. The optical confinement factor, on the other hand, 
scales with the number of the fins at gradually reduced steps. This is due to the fact that the optical 
field distribute is peaked at the center cavity region.   

Accordingly, the change of optical mode volume (Vm) and lasing threshold (Ith) also scale 
with the number of fins, as shown in Fig. 18(b) and Fig. 18(c), respectively. The optical mode 
volume is calculated based on the confinement factor equation 𝛤 = 𝑉:/𝑉9, which is the ratio of 
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the active region volume and optical volume.  
Finally, shown in Fig. 18(d) are the energy cost and WPE, which scale with different number 

of fins. It is noted that the minimal energy cost (0.1 fJ/bit) and the maximum WPE (34%) occur at 
2-fin configuration.  The simulation results show that the nanobeam cavities with 2-fin and 4-fin 
injection regions have the minimal optical volume for low-energy operations. Because a 1-fin 
structure will reduce the Q factor drastically, we consider the injection fin number is larger than 2.  

 
Fig. 18  The impact of number of lateral fins on lasing performance: (a) The change of optical confinement factors 

and active cavity volumes Vc; (b) The change of optical cavity mode volume Vm; (c) The change of lasing threshold 
Ith; and (d) The change of energy cost and WPE. Also shown in the insets are the carrier density distributions of 2-fin 
injection and 4-fin injection schemes. 

As listed in Table 4, in comparison with the LEAP laser report, the mode volume of our design 
is 25% smaller, and confinement factor is two times stronger. Therefore, our nanobeam structure 
are the better candidate for lower energy cost and higher 3dB bandwidth for speed response.  

Table 5 shows the electrical performance with 2-fin injection and 4-fin current injection. 
Traditional nanobeam cavity without fin is also listed as “0-fin (WG)” case for comparison. One 
of the major impact of the lateral fin design is the drastically reduced active cavity volume by a 
factor of 10. Also the series resistance also reduced by a factor of 2. This results in ~ five times 
reduction in energy cost. 

Comparing with LEAP laser report (last column in Table 2), the threshold current for the 
nanobeam design in this report is 3.956μA (or 96.5% lower) with 2-fin injection and 3.797μA (or 
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92.6% lower) with 4-fin injection, which is also comparable to the previous low-threshold photonic 
crystal design (287nA [6]); our energy cost is 0.863 fJ/bit (89.9% lower) with 2-fin injection and 
0.823fJ/bit (85.7% lower) with 4-fin injection. Therefore, much better electrical performances can 
be achieved by reducing the injection fin numbers (active region volume).   

Table 4 Optical Performance Comparison between LEAP and Nanobeam Design.  
 

Nanobeam Laser in this Report LEAP Photonic Crystal Laser (NTT) 

Cavity 
Design 

Without Lateral Fins 
afaafFinsFins 

With Lateral Fins Large Region [35] Reduced Region 
[3] 

Target 
Wavelength 

1.3μm 1.55μm 

Cavity 

Volume Vc 

(μm3) 

0.0217 0.0217 0.0135 0.0038 

Mode 

Volume Vm 

(μm3)   
 

0.1113 0.1131 0.15 0.0422 

Q 7.8×105 8×104 2.75×105  

(3000 with 
output WG)  

106 
(2.3*104 with 

output WG)  Γ 0.195 0.195 0.03 0.03 

Wavelength 
wavelength 

1284 nm 1289 nm 1558 nm 1534 nm 

 

Table 5 Electrical Performances of the Nanobeam Laser with Different Injection Fins. 

Number of fins 0 (WG) 2 4 

Q-factor 4.6*10 4.6*104 4.6*104 
Cavity Volume Vc (μm3) 0.0217 0.0021 0.0049 
Mode Volume Vm (μm3)   0.1113 0.04014 0.0398 
Confinement Factor (%) 19.5 5.25 12.3 
Series Resistance Rs (Ω) 8,000 6,000 3,000 
Energy cost (fj/bit) 0.48 0.097 0.137 
WPE (%) 29.9 34.1% 33.1% 
Threshold current (μA) 1.29 0.144 0.303 

3.6 Summary	
We designed, fabricated, and measured arrays of nanobeam cavity with lateral fins where the 

fin alignment position is tuned to control the resonance Q-factor and wavelength. The lateral fins 
can provide mechanical support, act as thermal conduction channels, and enable carrier injection 
to the suspended nanobeam cavity. These low mode-volume, high Q-factor nanobeam cavities are 
ideal candidates for novel lasers, light emitting diodes, optical modulators, filters, and sensors. The 
nanobeam cavity can also be applied on different materials and can be integrated with new 
photonic/electronic on-chip platforms for high speed, low power consumption applications. 
It is worth mentioning that the proposed structure can be designed to have extremely high Q factors 
or moderate Q factors depending on the application requirements. The impact of the lateral fins 



23 

may be very small (2%) to the nanobeam cavity Q factors. So extremely high Q factors can be 
achieved. This could be useful for high speed modulators or high sensitivity sensors. On the other 
hand, moderate Q factors are desirable for nanobeam lasers if we consider trade-offs in modulation 
speed and energy cost. 

Compared with the conventional nanobeam cavity lasers, the proposed nanobeam with fin 
cavities can result in ~ 5x reduction in energy cost, with minimal value of 0.1 fJ/bit at 2-fin 
configurations. This offers a promising lasing cavity for attojoule applications. 
4 Phase Control Design 

Phase control could help us improve the eyes pattern of NRZ signal at high-speed laser 
modulation for the application in optical communications. Photonic crystal slabs are the state of 
the art in studies for the light confinement, optical wave modulating and guiding, as well as 
nonlinear optical response. Previous studies have shown abundant real-world implementations of 
photonic crystals in planar optics, metamaterials, sensors, and lasers. Here, we report a novel full 
2π phase control method in the reflected light beam over the interaction with a photonic crystal 
resonant mode, verified by the temporal coupled-mode analysis and S-parameter simulations. 
Enhanced by the asymmetric coupling with the output ports, the 2π phase shift can be achieved 
with the silicon photonics platforms such as Silicon-on-Silica and Silicon-on-Insulator 
heterostructures. Such photonic crystal phase control method provides a general guide in the 
design of phase-shift metamaterials, suggesting a wide range of applications in the field of sensing, 
spatial light modulation, and beam steering. The full content in this section is available for further 
review in arXiv.org [36].  

In a 2-port system, the dynamic equations for a resonance on a photonic crystal slab (PCS) 
with an amplitude a read, 

𝑑𝑎
𝑑𝑡 = J𝑗𝜔- −

1
𝜏K𝑎 + 𝜅𝑠=

(19) 

𝑠> = 𝐶𝑠= + 𝑎𝑑 (20) 

where s= = [𝑠%=	𝑠$=]? and s> = [𝑠%>	𝑠$>]? are the input and output field amplitudes to the two 
ports, respectively. The PCS resonant mode couples with incoming waves s=  with coupling 
constants 𝛋 = [𝜅%	𝜅$] and the outgoing waves s> with coefficients d = [𝑑%	𝑑$]?. Eq. (19) and Eq. 
(20) describe the temporal coupling for mode a with resonant frequency 𝜔- and life time 1/𝜏 with 
the background scattering matrix C. Determined by the constraints set by the scattering matrix 
unity and time-reversal symmetry, the total scattering matrix can be derived as 

𝑆 = 𝐶 +
𝑑𝑑@

𝑗(𝜔 − 𝜔-) +
1
𝜏

(21) 

The first term in the complex-valued scattering matrix S represents the background scattering 
of light waves, while the second term shows the resonant mode interacting with the background 
scattering via the coupling term d. 

The parameters in a symmetric system are |𝑑%|$ = |𝑑$|$ = 1/𝜏 and the enhancement factor is 
𝛤 = 1. The scattering matrix of this symmetric structure can be further simplified, considering a 
special form of background scattering matrix  C = 𝑒𝑥𝑝(𝑖𝜃) e𝑟 𝑖𝑡

𝑖𝑡 𝑟 g, 
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S11(𝜔) = 𝑒𝑥𝑝(𝑖𝜃) h𝑟 −
1 𝜏⁄

𝑖(𝜔 − 𝜔-) + 1 𝜏⁄
(𝑟 ± 𝑗𝑡)k (22) 

where the ± sign denotes the parity of the resonant mode. It can be deduced that S%%(𝛚) evolves 
with the incoming wave frequency and passes 0 point on its complex plane when 𝝎 = 𝝎𝟎 ±
𝒕
𝒓
(𝟏/𝝉). The phase shift cannot cover the full 2𝜋 range in the reflection spectrum because the 

phase singularity creates a discontinuity or a sudden jump in the reflection phase. At the phase 
singularity point, the reflectance drops to 0 due to the destructive interference between the resonant 
mode and the background reflection. 

A vertically symmetric structure does not support a 2𝜋 phase shift due to the singularities in 
the reflection or transmission spectra. To pursue a 2𝜋 phase shift, it is necessary to remove the 
phase singularities (i.e., reflection zero or transmission zero). Here, we study the enhanced mode 
coupling for reflected wave in heterostructures. The reflection phase change can be derived by the 
S%% parameter, and the transmission phase change is governed by the S$% parameter. 

S%%(𝜔) = C%% + ℎ(𝜔)|𝑑%|$ (23) 
S$%(𝜔) = C$% + ℎ(𝜔)𝑑$∗𝑑% (24) 

where ℎ(𝛚) = %
((𝛚>4/)=%/1

 is the lineshape function of the PCS resonant mode. The reflectance 
and transmittance spectra are in a Fano lineshape. With the complex analysis of the S-parameters, 
a sufficient condition for 2𝜋  phase change in reflected wave can be derived as (also see 
supplementary section 1), 

|𝑑%|$ >
|,|

|;(4)|
(25)

Eq. (25) shows that a 2𝜋 phase shift for the reflected wave can be achieved in a structure that 
has stronger mode coupling amplitude 𝑑%. Another constraint is the energy conservation, |𝑑%|$ +
|𝑑$|$ = 2/𝜏. In a symmetric 2-port system, the mode profile decays equally to the two ports and 
the coupling constants are |𝑑%|$ = |𝑑$|$ = 1/𝜏 . However, for a heterostructure, the mode 
extends to the two ports asymmetrically. To describe the asymmetric coupling under the energy 
conservation constraint, we define a reflection coupling enhancement factor as 

𝛤 =
|𝑑%|$

|𝑑$|$
(26) 

The factor shows the asymmetricity of outgoing energy of the mode to the two ports of the 
PCS structure. We can further derive a general condition for 2𝜋 phase shift in reflection as 𝛤 > 1 
or |𝑑%|$ > 1/𝜏 (see supplementary note 1). To engineer a robust phase shift device, the objective 
function to optimize the system to achieve a 2𝜋 phase shift is to maximize 𝛤. 

In Reference [36], we have shown that, in a symmetric system, we cannot achieve a continuous 
2𝜋 phase shift due to the existence of the phase singularities. By introducing the asymmetric 
design, the phase shift by the PCS can be effectively controlled and optimized for different 
purposes of applications.  

5 High speed QD edge emitting Lasers  
In this section, we present the fabrication and characterization of an electrically pumped 
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waveguide edge-emission laser (EEL).  We collaborate with Arakawa Group for the quantum dot 
growth on GaAs wafer. This section presents the fabrication and testing of the benchmark EEL 
with the quantum dot wafer. The same techniques can be readily applied to our low-cost high-
speed laser by the nanobeam cavity designs.  

Fig. 19 shows schematic and scanning electron microscope (SEM) pictures from the side view 
of the EEL and Table 6 shows layer specification. The EEL is a ridge waveguide on the GaAs 
substrate with the quantum dot layer lying near the vertical center of the waveguide. The SEM 
image shows the cleaving results of the wafer at the waveguide facet region.  

Table 6 Quantum Dot Wafer Information (Arakawa Group). 

Material Al Content x Thickness [nm] Dopant Density [cm-3] Repeat 

p-GaAs 
- 100 Be: 2×1019 

1 

- 300 Be:1.4 ×1019 

p-AI(x)Ga(1-x)As 
0.2 20 Be:1.4 × 1019 
0.4 1000 Be:7 ×1019 
0.4 400 Be:4.2 ×1017 

GaAs 0.2 20 Be:4.2 ×1017 
 - 20 - 

Quantum dot 
active layer - 40  8 

GaAs - 60  

1 
n-Al(x)Ga(1-x)As 

0.2 20 Si:6 ×1017 
0.4 1400 Si:6 ×1017 
0.2 20 Si:6 ×1017 

n-GaAs - 300 Si: 1×1018 
n-GaAs Substrate - - Si: 1-1.5 ×1018 

The full fabrication flow for the EELs on the quantum dot wafer from the Arakawa Group is 
shown in Fig. 20. The process starts with p-contact metal deposition for the current injection into 
the semiconductor laser. We deposit photon resist (NR9-1500PY) on top of the wafer by spin 
coating followed by UV exposure with photomask to form the p-metal pattern, and then we 
deposited p-contact metal layer (Pd/Zn/Pd/Au alloy) using e-beam evaporation. The second step 
is p-mesa etching, including photolithography with photon resist (1813 G2) and p-mesa mask, and 
reactive ion etching. The third step is n-mesa etching which is the same as p-mesa etching, and we 
need to etch through active layer. The fourth step is n-contact metal deposition which is the same 
as p-contact metal deposition. The fifth step is passivation where we deposited oxide layer to 
insulate the p-metal and n-metal. The final step is the interconnect metal deposition by e-beam 
evaporator. 
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5.1 Testing	of	Edge	Emitting	laser.	
The Eq (27) is considered for fit curve of small signal response of highspeed performance [37]: 

𝑀(𝜔) = J
1

1 + 𝑗𝜔𝜏#
K

𝐴
𝜔,$ − 𝜔$ + 𝑗𝜔𝛾

(27) 

𝜔 is resonant frequency = 2𝜋𝑓,, 𝛾 is damping factor, 𝜏# is the carrier transport/capture time and A 

 
Fig. 19 Schematic (a) and SEM image (b) of the Edge Emission Laser Facet. 

 
Fig. 20 Fabrication Flow for the Edge-Emission Waveguide Laser. The microelectronic process includes p-contact 
metal deposition, p-mesa etching, n-mesa etching, n-contact metal deposition, passivation and interconnect metal 
deposition. 
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is amplification factor. 𝑀(𝜔) is signal response of frequency and 𝑀(𝜔) = 𝑆(𝜔)/𝑖 for 𝑆(𝜔) equal 
output optical power with  𝑖 equal to input current. 

Consider about DC offset, the damping factor is defined as [35]: 

𝛾 = 𝐾𝑓,$ + 𝜏>% (28) 

The 𝜏 is effective bimolecular recombination lifetime. 
Thus, 

𝐾 =
𝜕𝛾
𝜕𝑓,$

(29) 

We build a platform of probe station, shown in Fig. 21 (a), to characterize the electrical and 
optical performances of laser devices. Fig. 21 (b) shows the GSG probe and collection fiber. The 
electrical pumping current is fed into the laser device through the GSG probe and the laser emission 
from the cavity is collected with an optical fiber (as-cleaved facet, multi-mode). The electrical 
injection current is provided by the RF and DC sources going through a bias tee where the DC 
current creates the steady state working condition for the laser (above threshold current) and the 
RF works as a current perturbation to probe the speed response. Fig. 21 (c) shows the alignment 
of the GSG probe with the electrodes of the EEL device. The middle pitch of the GSG probe 
contacts the p-metal of the device and the other two pitches contact the n-metal of the device to 
create the current flow inside the waveguide EEL. The center small line in the microscope image 
is the p-contact metal and the two wide lines are the n-contact metal. The collected emission from 
the device is sent to an optical spectrum analyzer (OSA) to characterize the spectrum. A photon 
detector (Newport 1414 High Speed Fiber-Optic Detector) is used to convert the optical signal into 
electrical signal, which is then transmit into the light wave component analyzer (Agilent 
Technologies N4375D) to measure the laser speed response. The whole process is seamlessly 
automized by the LabView program.  

We did the testing of LIV measurements, emission spectrum, and speed response. From the 
measurement results, we can extract the threshold current, threshold current density, K-factor, 3dB 

 
Fig. 21  Probe Station Setup for LIV and Speed Response Testing. (a) Probe station for optical and electrical testing, 
(b) zoomed-in picture for GSG probe and collection fiber. Injection current (DC and RF) is fed through the GSG 
probe, and output power is collected by a multimode fiber. (c) Alignment of GSG probe with electrodes of EEL. 
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bandwidth, and modulation efficiency for the EEL device. Table 7compares our testing results for 
ridge waveguides of several waveguide dimensions on an EEL sample (R303_A200915B, reported 
in [4]) with the references. 

Table 7 Comparison of the Waveguide EEL Device Performances. 

Cavity 
length 
L (μm) 

Cavity 
Width 

 w (μm) 
Facets 

Ith 
(mA) 

Jth 
(kA/cm2) 

K 
(GHz-1) 

-3dB 
BW 

(GHz) 

Mod. Eff. 
GHz/mA1/2 

Refer
ence 

1500 5 HR/HR 10 0.13 1.288 5.1 0.66 [14] 

580 
3 HR/cleaved 14 

 
0.92 6.5 0.68 

[15] 
3 (UID*) HR/cleaved 5.5 

 
1.3 4.0 1.11 

500 4 As cleaved 70 3.5 0.367 4.07 0.496 

This 
report 

1000 
5 As cleaved 20.8 0.416 1.685 3.73 0.399 
6 As cleaved 15.6 0.26 1.011 4.18 0.391 
8 As cleaved 26.8 0.335 1.968 3.75 0.440 

2000 
3 As cleaved 20 0.333 1.022 4.42 0.649 
4 As cleaved 18 0.225 0.910 5.58 0.487 
5 As cleaved 33 0.330 0.843 5.24 0.480 

* UID means GaAs barrier after the QD layer was unintentionally doped.   

Compared with EEL characterization results in the references, our testing results show a larger 
threshold current due to the coarser waveguide facets. Our speed response (e.g., K-factor, 3-dB 
bandwidth, and modulation efficiency) are very similar with the previous publications. 

The plots in Fig. 22 are the LIV and speed response testing results of a ridge waveguide of 
2mm in length and 4μm in width on an EEL sample (R303_A200915B). Fig. 22 (a) shows the LIV 
measurements of the 2mm-by-4μm EEL. The IV relations are obtained by the current-voltage 
outputs of the current source. The LI relations are measured by a power meter at different injection 
current levels. The spectra in Fig. 22  (b) are measured by injecting the optical emission into the 
OSA through a multimode fiber. The speed responses at different injection current are fitted with 
Eq. (24), as shown in Fig. 22 (c). Then we can derive the 3dB bandwidth in Fig. 22 (d), K-factor 
in Fig. 22 (e), and the modulation efficiency in Fig. 22 (f). 
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