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1 Chapter 1: Introduction 

1.1 Overview of Optical Interconnect Technology and the Role of VCSELs 

 

Half-century ago, when Gordon Moore, the cofounder of Intel, in 1965, wrote an article 

on Electronics Magazine entitled “Cramming more components onto integrated cir-

cuits”[1], at that time, Moore's basic statement was: “The complexity for minimum 

component costs has increased at a rate of roughly a factor of two per year”. Assuredly 

over the meantime this rate can be expected to not increase. But for the longer term, the 

expansion rate would be a bit more for sure. So that, Industry people embarked on reduc-

tion of transistor size in order to integrate much more transistors on a chip. In Fig. 1-1 the 

increasing demand of transistors on the chip can be seen, which over one million transis-

tors used in 2007. However, Most of Moore’s law is based upon shrinking the dimensions 

of the transistors on the chip, while the laws of physics do not allow transistor technology 

to be qualified. 

 

 

Fig. 1-1 Illustrates the drastic increase of transistors as a function of years. 
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For further improving the capacity of microprocessors, currently being used copper-

based interconnects are becoming the constriction due to their physical limitations [2]. 

Electrical Board-level Interconnects have a lot of drawbacks. Such as: signal integrity 

problems, transmission-line effects, high rising and falling time with a large delay time, 

extensive channel loss for long distance, skin effect, frequency-dependent dielectric loss , 

manufacturing variations, geometrical issues, reflection loss (Echo effect), dense connec-

tions, self-coupling and so on. 

Moreover, as frequency rises, signal loss, distortion, and cross-talk become worse in 

electrical interconnects. In order to keep up with the development of microprocessors, 

spick-and-span technology for interconnections is desired. Optics is a viable alternative 

compared with copper interconnects due to its short signal delay, high bandwidth, low 

power dissipation and freedom from electromagnetic interference [3]. Fig. 1-2 shows a 

schematic of board-level interconnect in telecommunication. 

 

 

Fig. 1-2 Schematic of board-level interconnect in telecommunication 
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According to International Technology Roadmap of Semiconductor (ITRS-2003) [4], in 

near future, off-chip and on-ship frequency will rise exponentially and optical interconnect 

needs to be boost his capacity and speed (see Fig. 1-3).  

 

Fig. 1-3 ITRS-2003 map for the demand of increasing capacity for on-chip and off-chip 

frequency.  

 

On the other hand, several groups reported results that a factor of two of the ultimate 

capacity of existing optical fibre technology is required. Thus without radical innovation in 

the current physical network infrastructure, we face what has been widely referred to as a 

“capacity crunch” that could severely constrain future Internet growth, as well as having 

social and political ramifications. Capacity crunch or pick data means the situation that the 

demand is larger than the provided interconnects. Fig. 1-4 anticipated that the capacity 

crunch will happen in 2020[5].  
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Fig. 1-4 Anticipated capacity crunch situation in the current optical interconnect.  

 

The Vertical Cavity Surface Emitting Lasers (VCSELs) have been grown highly in pop-

ularity and their capability has been appended. Unfavourable conventional edge-emitting 

devices, VCSELs are made with a short resonant cavity, which supports a single longitudi-

nal mode. Light is emitted perpendicularly to the plane of crystal growth, approbating the 

creation of two-dimensional transmitter arrays for high bandwidth-density applications. 

VCSELs have small footprints, dissipate less power, are cost effective and also they can be 

simply fabricated into arrays. Thus VCSELs have been heavily engaged in high-bandwidth 

communications and are exclusively glamorous candidates for use in optical interconnects 

in data centres and supercomputers [6,7]. VCSEL was first proposed and fabricated by K. 

Iga and his colleagues at the Tokyo Institute of Technology, Japan in the late 1970s (see 

fig.1-5(a)). They indicated that in order to realize low threshold current, VCSELs should 

have (1) extremely small cavity volume, (2) high optical gain, and (3) mirrors with ex-

tremely high reflectivity (>95%) [8]. Several years later, implementation of an electrically 

pumped GaAs/AlGaAs VCSEL pulsing at room temperature was reported by F. Koyama at 
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the Tokyo Institute of Technology, Japan in 1989,(fig.1-5(b)) [9]. Despite to all efforts on 

the VCSELs, limitation of 3-dB bandwidth is the remained challenge for our era. 

 

 

 Fig. 1-5. (a) Concept of VCSEL demonstration by Iga, and (b), First electrically pumped 

GaAs/AlGaAs VCSEL pulsing at room temperature by Koyama. 

 

1.2 Limit of Directly Modulated VCSELs 

To notice the limits of the modulation characteristics, a rate equation analysis is neces-

sary part. Interact of stimulated emission between photon and carrier reservoir is the 

simplest way for the direct modulation of VCSEL. 

 
   

   
=

  

  
𝐼 −

 

 
− 𝜈 𝑔𝑁                                                                                                   (1-1) 

 
   

  
= 𝛤𝜈 𝑔𝑁 −

  

  
+ 𝛤𝑅  

                                                                                                        (1-2) 

where N and Np is carrier and photon density, respectively.  i is the internal efficiency, I 

is the current injection, q is the electronics charge, V is the volume of active region, τ is the 

carrier lifetime, νg is the group velocity, g is the modal gain, Γ is the optical confinement 

factor, 𝑅  
  is the spontaneous emission into the defined mode, and  τp is the photon life-

time. 

(a) (b) 



11 

 

Here, 𝑅  
  << 𝜈 𝑔𝑁 , thus the last term in photon density can be ignored. The modal 

gain can be defined by the following formula: 

𝑔(𝑁,𝑁 ) =
  

     
ln (

    

       
)                                                                                          (1-3)                                          

Once we have the rate equation; small signal analysis can be realized by small sinusoi-

dal modulation of currents as following: 

𝐼(𝑡) = 𝐼 + Δ𝐼(𝑡)                                                                                                             (1-4)  

𝑁(𝑡) = 𝑁 + Δ𝑁(𝑡)                                                                                                         (1-5) 

𝑁 (𝑡) = 𝑁  + Δ𝑁 (𝑡)                                                                                                                  (1-6) 

Where N0 and 𝑁   are the steady state solution of carrier and photon densities. In order 

to find the steady state solution, at first we need to set the rate equations equal to zero. 

  

  
𝐼 −

  

 
− 𝜈 𝑔𝑁  = 0                                                                                                   (1-7) 

𝛤𝜈 𝑔𝑁  −
   

  
+ 𝛤𝑅  

 = 0                                                                                            (1-8) 

From the above equation we can find: 

𝛤𝜈 𝑔 −
 

  
+ 𝛤𝑅  

  =0                                                                                                       (1-9) 

While, 𝑅  
  << 𝜈 𝑔𝑁 , we can rewrite the relation as follow: 

𝛤𝜈 𝑔 −
 

  
= 0                                                                                                                               (1-10) 

By replacing of eq. 1-3 in 1-10 once we can drive: 

𝛤𝜈 
  

     
ln (

     

        
) −

 

  
= 0                                                                                              (1-11) 

Carrier density at the steady state condition can be realized by the eq. 1-11, replacing to 

eq.1-7, steady state amount for photon-density can be obtained. 

𝑁  =
 

   
(
  

  
−
  

 
) =

 

   
(
  

  
− (𝐴𝑁 + 𝐵𝑁 

 + 𝐶𝑁 
 ))                                          (1-12)                                                          
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Now, the VCSEL is modulated by the superimposition of the injected current at steady 

state, and sinusoidal current as shown in eq. 1-4. It can be define same way for the carrier 

and photon density as written in eq. 1-5 and 1-6, by substitution of them in eq.1-1 and 1-2, 

we have: 

Δ𝑁  =
  

  
Δ𝐼 − (

     

      
+ 𝐴 + 2 𝐵𝑁 + 3 𝐶𝑁 

 ) Δ𝑁 + 𝑔 
      

(      ) 
 Δ𝑁                    (1-13)                                        

Δ𝑁 
 = (2𝛤𝛽𝐵𝑁 + 𝑉

     

      
)Δ𝑁 + (𝑉𝑔 

      

(      ) 
−

 

  
) Δ𝑁                                   (1-14)                                        

The eq. 1-13 and 1-14 can be expressed as follows: 

[
Δ𝑁  

Δ𝑁 
 ] = [𝑀] [

Δ𝑁  

Δ𝑁 
 ] +

  

  
*
ΔI
0
+                                                                                                  (1-15) 

M is a matrix like: 

[𝑀] = [*
−𝛾  −𝛾  
𝛾  −𝛾  

+]                                                                                                             (1-16) 

where: 

𝛾  =
     

      
+ 𝐴 + 2 𝐵𝑁 + 3 𝐶𝑁 

                                                                                     (1-17) 

𝛾  = 𝐴 + 2 𝐵𝑁 + 3 𝐶𝑁 
 + 

     

      
                                                                                   (1-18) 

𝛾  = 2𝛤𝛽𝐵𝑁 + 𝑉
     

      
                                                                                                         (1-19) 

𝛾  =
 

  
− 𝑉𝑔 

      

(      ) 
                                                                                                             (1-20) 

 

Then we have: 

[
𝛾     𝛾  
−𝛾  𝛾  + 𝑗𝜔

]  [
𝛥𝑁
𝛥𝑁 

] =
  

  
*
ΔI
0
+                                                                                    (1-21) 

Via using the Cramer rule we obtain: 

𝑁 =
    

  
[
1 𝛾  
0 𝛾  + 𝑗𝜔

]                                                                                                            (1-22) 

𝑁  =
    

  
[
𝛾     1

−𝛾  0
]                                                                                                            (1-23) 

where 𝛥 is the matrix determinant like: 

𝛥 = 𝜔 
 − 𝜔 + 𝑗𝜔𝛾                                                                                                     (1-24) 
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Where ωR is the relaxation oscillation frequency and can be obtained as follow: 

 

𝜔 
 = 

     

  
                                                                                                                    (1-25) 

𝑓 =
  

  
=√

     

  
 =√

    

  
(𝐼 − 𝐼  )                                                                                             (1-26) 

 

From the eq. (1-25) and (1-26) we can say that by increase of the photon density we can 

enlarge the relaxation oscillation frequency. 

Also 𝛾  is defined as a damping factor as follow: 

𝛾 = 𝐾𝑓 
 + 𝐴 + 2 𝐵𝑁 + 3 𝐶𝑁 

                                                                                          (1-27)                                                                                          

and, 

𝐾 = 4𝜋 𝜏 [1 −
  

  
]                                                                                                        (1-28)                                                                                          

From eq. 1-27 and 1-28 we see that an increase of the relaxation oscillation frequency 

causes increase of the damping factor too. 

Finally we can define the 3-dB down cut off frequency as following: 

𝜔   
 = 𝜔 

 [1 − 0 5 (
  

  
)
 

+√(𝜔  [1 − 0 5 (
  

  
)
 

) + 𝜔   ]                                (1-29)                                                                                                 

In eq. 1-29 we can see that increase of photon density which is eventually lead to increase 

of both damping and relaxation, does not increase the 3-dB cut off. This means that the 

bandwidth of conventional VCSEL will finally collapse to the saturation level. Besides this 

the amount of photon in the cavity cannot increase linearly, thus the bandwidth of conven-

tional VCSEL will be limited not only to the parasitics but also to the relaxation oscillation 

frequency and photon density.  

1.3 Recent Progress on Ultra-fast Modulation of VCSELs  

In VCSELs, the uppermost rate of direct modulation is restricted by intrinsic limitation 

of relaxation oscillation frequency. As a general rule of thumb, a directly modulated laser 

can support a bit rate of up to 1.55 times of its relaxation resonant frequency. Recently a 

new relationship between 3-dB bandwidth and relaxation oscillation frequency was 

achieved via using Gain-Lever Effect in Quantum-Dot Lasers [10], which can be used in 

the same way for the VCSEL. To increase the speed of VCSELs, various methods have 



14 

 

been proposed including injection-locking [11,12], coupled cavity [13] and modulator-

integration [14]. Previously, our group have been working on the optical external feedback 

to enhance the modulation bandwidth of VCSELs [15]. While the optical feedback scheme 

has been successfully employed for increasing the speed of DFB/DBR lasers [16,17]. 

However, we found that integration of VCSEL is a key issue to solve all problems.  There 

have been various reports on the vertical integration and their functionalities. However cost 

of the vertical coupled cavity VCSEL was much larger than the conventional VCSEL, so 

that it did not use in practical application world widely. We realized that by laterally inte-

gration of VCSEL with another VCSEL while the plump structure is as same as 

conventional 980 nm VCSEL, we can keep the advantages of the new functionalities based 

on same price as conventional VCSEL.  

1.4 State-of-the-art of 980 nm VCSELs 

The wavelength of 980 nm has various merits in comparison to the 850 nm. The main 

advantages are deeper barriers, suppressing escape of non-equilibrium carriers and thus 

enhancing temperature stability of the gain, also in order to improve the differential gain it 

is relatively easier to use strained materials compare to 850 nm, the transparency of GaAs 

at 980 nm, enabling light emission through the bottom mirror and the substrate, and lower 

operating voltages, which is very significant for the low voltage CMOS drivers. In aspect 

of the advantages mentioned above it becomes important for VCSEL-based data-com ap-

plications, leading to research and development of high speed and also high temperature 

stable 980 nm VCSELs and integrated devices. In 2007, the maximum bandwidth of 980 

nm VCSELs was reported by the group of Prof. Coldren from the UCSB to 35 Gbps 

[18,19]. They have used oxide aperture with tapering the shape where the oxidation layers 

was quiet deeper than the conventional one, by optimization of the doping profiles, they 

achieved maximum bandwidth of larger than 20 GHz. This is currently one of the world-
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wide fastest 980 nm VCSELs. Although such high speed at room temperature was attained, 

at higher temperatures the maximum speed was initially limited to 20 Gbps at 85°C, 

demonstrated by Bimberg’s group at the Technical University of Berlin in 2006 [20,21]. 

One year later Agilent researchers have demonstrated 980 nm VCSELs operating at 25 

Gbps at 70°C [22]. 

1.5 Scope of the Doctoral Dissertation 

In this Dissertation, in the chapter 2, a novel method to boost the modulation speed of 

980 nm VCSELs will be considered, which is based on the self-feedback by employing 

photon-photon resonance (PPR) effect. Theoretical results indicate that the 3-dB band-

width of single mode coupled cavity VCSEL can be expanded by 60% in comparison to 

that of directly modulated conventional VCSEL [23]. Also we have shown good agree-

ments between the theory and fabricated results by carefully designing of our structure 

using film mode matching method. In the experiment we got 3-dB bandwidth of over 29 

GHz which was primary limited by the photo-detector [24]. This device is currently fastest 

980 nm VCSEL. In addition to them some further calculation regarding to the future trend 

is highlighted. Finally we have shown by engineering the aperture shape of the coupled 

cavity, phase can be fixed at out-of phase, which the enhancement is obtaining in different 

currents, also elevated temperature results indicate that the phase is locked at out-of phase. 

This device concept will be compatible with existing manufacturing processes and can be 

easily manufactured in large volume, making it attractive for optical interconnects. In the 

next chapter, we have shown the potential application of VCSEL for radio over fibre appli-

cation based on PPR effect [25], while the conventional VCSEL cannot be used for this 

matter, by beating of transverse mode we made our device well matched for this applica-

tion. In the following chapter, we have shown that through intensity manipulation of 

transverse field, high speed modulation bandwidth free from relaxation oscillation fre-
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quency can be obtained [26]. In the chapter 6, we showed the smallest ever reported an in-

tegrated electro-absorption modulator with VCSEL. Experimental results indicate the 

lowest driving voltage <400 mVpp [27]. For further increase in link capacities, multiplex-

ing technologies will be needed in future. To meet this demand, degrees of freedom for 

multiplexing technology are time, wavelength, complex, constellation, polarization, space 

and mode, such as wavelength division multiplexing (WDM), space division multiplexing 

(SDM), and mode division multiplexing (MDM) and so on. It is noted that a multi-mode 

waveguide potentially exhibits larger transmission capacity than a single-mode waveguide. 

An interesting approach is to multiplex spatial modes in a multi-mode waveguide, carrying 

multi-channel signals. Key issues of mode division multiplexing for optical interconnects 

are compact and robust mode multiplexing technology, low wavelength dependence, low 

polarization dependence and so on. There have been several studies on spatial mode multi-

plexing/demultiplexing. The concept of multiple-input-multiple-output transmission used 

in wireless communications has been applied to multi-mode fibre channels, which is called 

optical MIMO [28]. Also, there have been reports on spatial mode DEMUX using MMI 

coupler [29]; fibre coupler and HCG hollow waveguide filter [30], and so on.  We still 

need challenges for compact and robust MUX/DEMUX optical devices. Our target is to 

realize a compact and scalable multiplexer /demultiplexer device based on a tapered hol-

low waveguide for high-capacity optical interconnects.  

 Important criteria’s are low wavelength dependence, no noticeable polarization de-

pendence, low insertion loss, low crosstalk and compactness. Thus with take caring of 

these criteria, in the chapter seven a novel spatial-mode multiplexer/demultiplexer based 

on a tapered hollow waveguide with bragg reflectors will be proposed. Clear demultiplex-

ing for different spatial modes will be shown. In addition, low wavelength sensitivity and 

polarization independence were predicted. Also, high efficiency of vertical radiation could 
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be expected from 70% for higher order modes to 96% for the fundamental mode. This de-

vice concept would be useful for spatial-mode multiplexing interconnects and integration 

with surface-normal optical devices such as VCSEL and so on. In the following of this 

chapter, in order to further increase the capacity and speed a novel method to ambulate 90 

degree of light based on tapered hollow waveguide is proposed. The modelling shows that 

this device can act as a low wavelength dependency. Also at the same time low polariza-

tion dependency can be obtained, where the power efficiency is relatively high. 
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2 Chapter: Transverse Coupled Cavity VCSEL for Bandwidth 

Enhancement  

2.1 Rate Equation Model and Steady-State Solutions  

In this chapter a novel method to raise the modulation bandwidth of vertical-cavity sur-

face-emitting lasers (VCSEL) is proposed. The results show that the modulation bandwidth 

can be boosted by employing the lateral optical feedback of slow-light waveguide [1].  

Fig. 2-1 shows the schematic of our proposed VCSEL structure with lateral optical 

feedback.  Optical lateral confinement is formed using wide and narrow oxide layers, 

which leads to a leaky traveling wave in the lateral direction by reducing the width of a 

narrow oxide, the end reflector, which can be either an oxide layer or an etched facet, 

makes the lateral optical feedback into the VCSEL. It is noted that the group velocity of 

lateral traveling light in a Bragg reflector waveguide can be slow down [2], thus we are 

able to form ultra-compact an external optical feedback resonator. A typical optimal length 

of a lateral slow light waveguide is merely LS = 8 µm to get the bandwidth enhancement up 

to 40 Gbps operations, which will be described later. The modelling was carried out for the 

bandwidth enhancement by using the Lang-Kobayashi rate equation [3]. The photon densi-

ty and the carrier density are represented by )t(S  and )t(N , respectively. 

   

   
=

  

  
𝐼 −

 

  
− 𝜈 𝑔𝑁                                                                                                    (2-1) 

   

  
=
 

 
(1 − 𝛼)(𝛤𝜈 𝑔 −

 

   
)𝑁 + 𝛤𝑅  

 + 2𝐾 cos(Ɵ)√𝑁 (𝑡) − 𝑁 (𝑡 − 𝜏)                 (2-2) 

  

  
=
 

 
𝛼
  

  
𝛥𝑁 − 𝐾 sin(Ɵ)√

  (   )

  ( )
                                                                                        (2-3) 

where )t(G  is the modal gain including nonlinear gain, 𝜏  is the photon lifetime, 𝜏 is 

the carrier lifetime, 



  is the confinement factor, θ  is the relative phase of lateral feedback 
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light, J(t) is the injected current density, d is the active region thickness, CK  is its coupling 

feedback coefficient and τ  is the delay time for optical feedback [4].  In this modelling, 

the frequency chirping effect was ignored, and the phase θ   is time-independent. From 

equations (1) and (2), one can derive the following small-signal intensity modulation re-

sponse.  



H() 


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dN
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 2KC .cos  
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where ε is the nonlinear gain coefficient and  
  

  
 is the differential gain. The result is the 

same as refs. [1] and [4].  In this device light is confined from top and bottom mirrors, so 

the light guides zigzag in a lateral direction. Light coupled from a VCSEL to a Bragg 

reflector waveguide through a narrow oxide, ambulates perpendicularly in the lateral 

direction which is causes slowing light. The group velocity gν is reduced by a factor of 

more than 20 for a single mode VCSELs. Thus, if we use such a slow light waveguide for 

optical feedback we are able to reduce the length of the feedback waveguide, which is 

given by: 

2

vτ
L

g

S

×
=                                                                                                                         (2-5) 

The modulation response is dependent on the delay time 



 , the coupling feedback coef-

ficient CK  and the phase given by: 

 Rs θLβ2θ +=                                                                                                                    (2-6)  

(2-4) 
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where 



  is the propagation constant of the slow light waveguide and



R is the reflection 

phase shift at the end reflector. The coupling feedback coefficient CK can be obtained from 

the field distribution in a slow light waveguide coupled from a VCSEL. Fig. 2-1(b) and (c) 

show the calculated intensity distribution of a laterally coupled VCSEL and slow light 

waveguide by using a mode-matching method (FIMMWAVE, Photon Design Co.). By 

varying the vertical position of the narrow oxide layer, coupling strength can be changed 

while mainly we can change it by altering the width of oxide layer. Its coupling coefficient 

CK  could be estimated as shown in the fig. caption. In the modeling, a slow light 

waveguide was assumed to be transparent, however, in real situations, injection current is 

needed to compensate the absorption loss of the waveguide.  
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Fig. 2-1. (a) Schematic structure of VCSEL with lateral optical feedback of slow light, (b), and 

(c)   Calculated intensity distribution of VCSEL with coupled slow light waveguide for different 

trench bottom layer and coupling coefficient; (b) 1.5 𝜇 m-oxide-layer: 111
C sec103.2K -×= and 

(c) 2.5 𝜇 m-oxide-layer: 111
C sec107.0K -×= . 

 

The manipulation of the speed of light has been appealing much interest in these days. 

Especially, slow light seen in semiconductor amplifiers and micro-resonators has been 

studied for optical buffer memories, optical delay lines and etc. Also, the slow group ve-

locity of light drastically reduces the size of various optical devices. An important issue of 

slowing light devices is how to couple with slow light in a Bragg reflector waveguide. In 

the current device light is confined from top and bottom with 40 pairs of Al0.92GaAs/Al0.16 

GaAs, so the light travels zigzag with the angle of Φ in lateral direction. Near the cut of 

condition Φ will close to 90 (fig.2-2), therefore light ambulates perpendicular in lateral 

movement which is leads to slowing light. The slow-down factor is over 20 in the wave-

length range of 987 – 990 nm. Thus, if we use such a slow light waveguide for optical 

feedback we are able to reduce the length of the feedback waveguide. The slowdown factor 

is f written by the following equation (2-7), where n is the refractive index of the cavity; ng 

is the group index, and νg is the group velocity. 

n

n

vn

c
f

g

g

==                                                                                                            (2-7)                                                                                            

 

 

 

 

 

Fig.2-2 Calculated slow down factor as a function of wavelength. 
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2.2 Small-Signal Frequency Response 

The calculated small signal response is shown in Fig. 2-3 for conventional VCSEL and 

laterally-coupled VCSEL. We assumed material parameters for conventional 980 nm 

VCSELs. The oxide aperture is assumed as 2×2 µm
2
. The bias current fixed at 2 mA. The 

important parameters are the coupling coefficient KC and the delay time τ. By optimizing 

the structure parameters in lateral coupling, we see 60% improvement in the 3-dB 

modulation bandwidth. If the relaxation oscillation frequency is 25 GHz without optical 

feedback, the modulation bandwidth can reach at 40 GHz. Fig. 2-4 shows the calculated 3-

dB bandwidth versus delay time for different coupling coefficients.  It is noted that the 

phase and the delay time are not independent parameters related by eqs. (2-4) and (2-5). 

We found that there is no bandwidth enhancement with in-phase coupling (





2
  



2
) 

while we see the bandwidth enhancement with out-of-phase coupling. The maximum 3-dB 

bandwidth is obtained for   



KC  2.31011 sec-1and



  3.6ps.    

 

 

 

 

 

 

 

 

 

Fig. 2-3   Small-signal modulation response of 980 nm conventional VCSEL and VCSEL with 

lateral coupling scheme. 
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Fig.2-4 Calculated 3-dB modulation bandwidth versus delay time with different coupling coef-

ficients CK
 
scheme. 

 

2.3 Large-Signal Frequency Response 

The simulation of NRZ quasi-random large signal modulation with eqs (2-1) and (2-2) was 

carried out.  Fig. 2-5(a) and (b) show the calculated eye patterns of conventional VCSEL 

and laterally coupled VCSEL at optimal condition, respectively. A 40 Gbps pseudo 

random bit sequence (PRBS) with a 2
11

-1 word length was assumed.  The swing of the 

modulation current was considered to be from 1.25 to 2.75 mA for both cases, which 

results us an extinction ratio of over 5 dB for lateral-optical-feedback VCSEL. This lateral-

optical-feedback VCSEL shows clear eye opening even for 40 Gbps. A pattern-effect can 

be significantly avoided with help of lateral-optical feedback. 
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Fig. 2-5 Large-signal modulation response of 980 nm conventional VCSEL and VCSEL with 

lateral coupling scheme;(a) eye pattern of conventional VCSEL, (b) laterally coupled VCSEL with 

111
C sec10×3.2=K  and ps63.3=τ . 

 

2.4 Device Structure 

Figures 2-6 shows the schematic cross-section of the fabricated transverse coupled cavi-

ty (TCC) VCSEL.  The vertical structure is the same as conventional 980 nm 

InGaAs/GaAs VCSEL. The bottom mirror consists of a 41-period Si-doped Al0.92GaAs/ 

Al0.16GaAs DBR on a 500 nm thick silicon-doped GaAs buffer layer. The active region has 

three In0.2GaAs/GaAs quantum wells embedded in one-λ thick Al0.3Ga0.7As separate con-

finement hetero-structure layer. 300 Å thick Al0.98GaAs is inserted in order to form lateral 

oxide confinement [5]
. 
The top mirror consists of a 26-period carbon-doped Al0.92GaAs/ 

Al0.16GaAs DBR, followed by a highly doped p-contact layer.  . 
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Fig. 2-6 The Schematic Structure of the transverse coupled cavity VCSEL. 

 

Fig. 2-7 (a) shows the mechanism of PPR on TCC VCSEL. When the transverse fields 

travel from the laser cavity to feedback cavity the end interface of the feedback cavity 

functioning as a perfect mirror in the lateral direction, as a result the lateral optical cou-

pling into the VCSEL is obtained. Fig. 2-7(b) depicts the extended modulation bandwidth 

obtained by applying PPR effect. Typically 3-dB bandwidth has linked to the carrier-

photon resonance (CPR), largely because the CPR has inherent physical limitations. How-

ever, the direct modulation bandwidth can be substantially improved by employing the 

PPR effect. 
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                                                         (b) 

Fig. 2-7(a) Mechanism of exploiting PPR based on TCC VCSEL (b) extended modulation band-

width obtained by applying PPR effect. 

 

2.5 Origin of PPR Effect on the Bandwidth Enhancement  

The origin of the improvement of modulation bandwidth by PPR effect can be simply ex-

plained by the frequency shift to the transverse laser mode induced by strong optical 

feedback. 3-dB cut off frequency can be expanded by the interference between the original 

optical frequency in absent of feedback and the ambulated frequency after the feedback is 

occurred. The difference between two frequencies corresponds to the boosted 3-dB cut off 

frequency. By a weak optical feedback in the laser cavity the carrier density will increases 

when the cavity phase is in out-of phase. This increase of carrier density induces the 

change of the optical frequency of the laser oscillation and results in red-shift of the relaxa-

tion oscillation frequency, while reduction in carrier density leads to the blue shift of laser. 

From eq.2-3, once we can define the detuning parameter as follow: 

𝛥𝜔 =
 

 
𝛼
  

  
𝛥𝑁 − 𝐾 sin(Ɵ)√

  (   )

  ( )
                                                                                      (2-8) 

This second term of the above relation is zero for the VCSEL in the absence of feedback. 

The resonance angular frequency made by the interference of self-feedback can be given: 
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𝛥𝜔        = 𝐾 sin(Ɵ)√
  (   )

  ( )
                                                                                               (2-9) 

Boosted oscillation frequency in the presence of weak optical feedback can be given by: 

𝜔       
 = 𝜔 

 + 𝛥𝜔        
                                                                                               (2-10) 

In addition to this, using eq. 2-3, we can plot the gain as a function of phase, while the line-

width enhancement factor is a key issue [6]. In Fig 2-8 upper and lower value of modal 

gain is located at out-phase in-phase condition, respectively. In Fig. 2-9 the ratio change of 

photon lifetime in the presence of feedback over the photon life time of solitary laser is 

considered. In Figs. 2-8 and 2-9 the parameter were used for strong and weak optical feed-

back is same as Fig.2-4. 

 

 

 

 

 

 

 

 

 

Fig. 2-8 Calculated modal gain for VCSEL with/without optical feedback. 

 

 

 

 

 

 

 

 

 

 

Fig. 2-9 Calculated relative photon-life time for VCSEL with/without optical feedback. 
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Assuming the phase of the feedback cavity in the vicinity of pie, we can reduce the effec-

tive photon life time, at the same time modal gain will enlarge. In addition to them 

relaxation oscillation frequency will have some red shift, as a result modulation bandwidth 

will be enhanced.    

2.6 Three Dimensional Modelling  

Fig. 2-10 illustrates the calculated intensity distribution of bow-tie shape coupled cavi-

ties by using a three dimensional film-mode-matching method (FIMMWAVE, Photon 

Design Corp.). 25-pairs of Al0.92GaAs/ Al0.16GaAs for the top-mirror reflectivity and 40-

pairs of Al0.92GaAs/ Al0.16GaAs for the bottom DBR are assumed for the modelling. The 

layer structure is designed to have a cut-off wavelength of 983 nm, which is corresponding 

to the resonant wavelength for plane wave in the vertical direction.  The oxide aperture size 

for each cavity is 4 𝜇 m×2 𝜇 m. In the modelling an air and perfect matching layer (PML) 

were set at the surface of the top DBR and the bottom interface of the structure side, re-

spectively.  From the left side of the model a slow light Eigen-mode of the Bragg reflector 

waveguide is excited. Increasing the width of the joint section of the bow-tie shape oxide 

aperture decreases the coupling efficiency between the two cavities. Coupling efficiency 

was figured out from the calculated intensity distribution in the following steps. 

β=                                                                                                                 (2-11) 

and, 

α=                                                                                                             (2-12) 

where β is the confined energy in the left VCSEL cavity,α is the coupled power per unit 

time to the right VCSEL, Iin is the intensity in the left VCSEL cavity, Iout is the flux travel-

ing to the right VCSEL cavity. vg=c/ng is the group velocity of the slow-light mode with a 

group index of ng. The group index is typically around 100 for the slow light waveguide.  

  dxdzIin

  dxIoutg
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Then it can be defined the radiation loss per unit time from the left VCSEL cavity by divid-

ing eq.2-11 by eq.2-12: 

                                                                                                     (2-13) 

Assumption is that the internal absorption loss in a VCSEL cavity is 20 cm
-1

. The cou-

pling efficiency can be given by the following equation: 

                                                                                                      (2-14) 

where 𝜙  is the relative scattering loss in the bow-tie section and 1/in is the absorption 

loss per unit time. The definition of the coupling efficiency is the same as the slope effi-

ciency of top emitting VCSELs, namely the slope of the laser's top emitting output power 

versus drive current. Fig. 2-11 shows the calculated coupling efficiency and scattering loss 

as a function of bow-tie connection length. By optimizing the structure parameters in lat-

eral coupling, we see 92% of coupling efficiency and scattering loss of 0.2 % when the 

bow-tie connection length is around 0.5 μm. Increasing the length of the bow-tie connec-

tion to 2 μm, the coupling efficiency is decreased to 45% and radiation loss is increased to 

1.7 %. A radiation loss of 1.7 % per one round trip in the cavity is corresponding to 0.6 cm
-

1
 of average loss per unit length. Thus, the scattering loss at the bow-tie joint section is 

much smaller than the internal absorption loss. 
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Fig. 2-10 Calculated top view field distribution of TCC VCSEL and slow light wave guide by 

using a three dimensional mode-matching method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-11 Calculated coupling efficiency and scattering loss as a function of bow-middle 

width, and red insets, is the radiation loss per cm. 

 

 

 

 

 



33 

 

 

2.7 Fabrication Process 

The device is made on a wafer grown by metal organic chemical vapour deposition 

(MOCVD). The active region includes three 980 nm GaInAs/GaAs quantum wells 

(3QWs).  In order to form transverse coupled cavity structures, bow-tie shaped mesas were 

formed by dry-etching process and followed by wet-oxidation process. Two square aper-

tures of 8.5 m × 8.5 m are jointly connected to form bow-tie shaped oxide apertures 

while the joint region is less than few microns, which leads to a leaky travelling wave in 

the lateral direction. One of the square oxide apertures is operated as a VCSEL while the 

other side functions as a feedback cavity.  The end interface of the feedback cavity func-

tioning as a perfect mirror in the lateral direction makes the lateral optical coupling into the 

VCSEL. Bow-tie shaped mesas are planarized using polymer (ALX-2010, Asahi Glass). 

The proton implantation with six-step different acceleration voltages from 60 to 350 kV 

doses of 10
15

 cm
-2

 was performed at the centre of the joint connection of the coupled cavi-

ties.  According to the measured depth profile, the protons penetrated almost the entire top 

DBR, the total thickness of which was 4 𝜇 m. An electrical isolation over 1 M𝛺  corre-

sponding to a leakage below 2 𝜇 A was attained under forward bias conditions of the two 

cavities. P-type (Au/Zn/Au) and n-type (AuGe/Ni/Au) electrodes are formed on both sides 

of the wafer.  

 

The fabrication process flow is shown briefly in the following:  
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1) Wafer structure  

  

2) SiO2 sputtering  

 

  

 

 

 

3) Resist coating  

 

 

  

 

 

4) Exposure and Development (preparing for proton implementation)  

 

 

 

 

 

 1
st
 

spin-

Time 

2
nd

 

Spin- 

Time 

 

Prebake- 

Time 

OAP 500 

rpm 

5 sec 

4000 

rpm 

30 sec 

100°C 

90 sec 

AZ 

5200NJ 

Twice 

500 

rpm 

5 sec 

1500 

rpm 

30 sec 

100°C 

90 sec 

Sputtering time should be 

2hrs, corresponding to 470-

490 nm thickness (Violet 

blue to pink colour) 

Exposure 12 sec 

AZ Developer 50 sec 

BHF 30 sec 



35 

 

 

5) Resist removal 

 

 

 

 

 

6) Resist coating  

 

 

 

 

 

 

7) Exposure and Development   

 

 

 

 

 

8) SiO2 etching 
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9)  ICP and  Resist Removal 

 

 

 

 

 

10)  Oxidation 

 

 

 

  

 

 

11) Resist coating 

 

 

  

 

 

 

12)  Exposure and Development (N-electrode) 

 

 

 

 1
st
 

spin-

Time 

2
nd

 

Spin- 

Time 

 

Prebake- 

Time 

OAP 500 

rpm 

5 sec 

4000 

rpm 

30 sec 

100°C 

90 sec 

AZ 

5200NJ 

Twice 

500 

rpm 

5 sec 

1500 

rpm 

30 sec 

100°C 

90 sec 



37 

 

 

13)  ICP etching (N-electrode) 

 

 

 

 

 

14)  Electrode evaporation (N-electrode) 

 

 

 

 

 

15)  Polymer coating 

 

 

 

 

 

 

16) Exposure and Development 
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17) Cure 

 

 

 

 

 

18) SiO2 removal 

 

 

 

 

 

19) Resist coating 

 

 

 

 

 

20)  Exposure and Development (P-electrodes) 

 

 

 

  

 

 1
st
 

spin-

Time 

2
nd

 

Spin- 

Time 

 

Prebake- 

Time 

PMGI 500 

rpm 

5 sec 

4000 

rpm 

30 sec 

150°C 

90 sec 

AZ 

5200NJ 

500 

rpm 

5 sec 

1500 

rpm 

30 sec 

100°C 

90 sec 

30 min-300°C 

BHF 30 sec 



39 

 

21) Evaporation (P-electrodes) 

 

 

 

 

 

22) Lift off  and Annealing 

 

 

 

 

 

23) Evaporation (N-electrodes) and Annealing 
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2.8 Measurement Set-up 

The measurement setup for modulation characteristics of small signal and large signal 

is shown in Fig. 2-12. One side cavity of a TCC VCSEL is directly modulated by superim-

posing a RF signal while the other side is open circuited or connected to a DC supplier for 

quasi-single and multi-mode aperture devices, respectively.  Output light is captured by a 

photo-detector (PD) with a bandwidth of 25 GHz through a multi-mode fibre. The small 

signal modulation response is measured by using a network analyser with a bandwidth of 

40 GHz. Also large signal results from the back-to-back, via multiplexing of 4 × 12.5 Gbps 

channels is achieved which potentially can reach up to 50 Gbps. The black and red parts in 

the Fig. 2-12 show the measurement set up of small signal and large signal, respectively. 

 

 

Fig. 2-12 Measurement setup for dynamic modulation characteristics of quasi single mode VCSEL. 

 

2.9  Static Characteristics 

Static results of TCC VCSEL has been carried out for two different aperture sizes. Fig. 2-

13 (a) and (b) show the oxidation aperture for multi-mode and quasi-single mode VCSEL 

respectively. 
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Fig. 2-13 (a) Multi-mode and (b) quasi-single mode TCC VCSEL. 

 

2.9.1 Multi-mode TCC VCSEL 

 

Fig.2-14 shows the measured L-I curves of multi-mode TCC VCSEL for different feed-

back currents while the laser current is varied from 0-10 mA.  Threshold currents are as 

low as 0.7 mA.  Applying a reverse voltage of 1 V in the feedback cavity provides a 

smooth L/I curve, showing that the ripple is due to the transverse optical feedback. A mul-

ti-mode fibre (MMF) and optics were used so that the output from each cavity is collected 

independently. We measured the spatially resolved lasing spectrum spectra of the two cavi-

ties as shown in Fig. 2-15.  The result shows that two cavities are coherently coupled and 

hence show the same lasing wavelength of the dominant modes of each cavity. We also 

measured the near-field pattern (NFP) of the fabricated device. Figure 2-16 shows the 

measured NFP of a TCC VCSEL while a VCSEL cavity was pumped by a fixed current of 

6 mA and no injection current was delivered to the feedback cavity at open circuit. Thanks 

to the ion implant, the differential resistance of over 10 M𝛺 is achieved leading to reduce 

the leakage current between the top p-type electrodes to be below 1 𝜇A. Figure 2-16 clear-

ly shows the transverse optical coupling between the two cavities. 

 

 

 (b)  

 

 (a)  
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Fig. 2-14 L/I characteristics with different currents in the feedback cavity. 

 

 

                                        (a)                                                                       (b) 

 

Fig. 2-15 Lasing spectra for the feedback cavity and the laser cavity for (a) 3 mA and (b) 4 mA 

currents of feedback cavity, respectively with the fixed 6 mA of laser side. 
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Fig. 2-16 Measured NFP of TCC VCSEL with a fixed current of 6mA in a VCSEL side and no injection 

current to the feedback cavity at open circuit. 

 

 

 

 

 

 

 

 

 

2.9.2 Quasi Single-mode TCC VCSEL 

Fig. 2-17 shows the measured L/I characteristics of VCSELs with and without optical 

feedback fabricated by the same epi-wafer.   A “conventional VCSEL” without optical 

feedback has a neck width of the bow-tie joint region is too short, resulting in no-feedback 

effect. The observed ripples would be the evidence to prove the fact that lateral optical 

feedback takes place even without current injection on the feedback cavity.  We measured 

the spatially resolved lasing spectrum emitted from the laser cavity through a multi-mode 

fibre. A quasi-single-mode operation with side mode suppression ratio of 23 dB was ob-

tained at a bias current of 6 mA as shown in Fig. 2-18. 
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Fig. 2-17 L/I characteristics for TCC –QSM VCSEL and conventional VCSE without optical feedback. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-18 Lasing spectrum of the laser side for TCC VCSEL at 6mA. 
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2.10 Dynamic Results 

Small signal and eye pattern results were attained for the multi-mode and quasi-single 

mode 980 nm TCC-VCSEL with aperture size as described in Fig. 2-13 (a) and (b), respec-

tively. Measurement of quasi-single mode was done as shown in Fig. 2-12, while in order 

to control the phase of feedback for multi-mode case a DC supply was required to be con-

nected to the feedback cavity side. In addition, The DC supplier acts as loss compensator 

in the large size of feedback cavity. 

2.10.1 Multi-mode TCC VCSEL 

Fig. 2-19 illustrates the measured small signal response of a multi-mode TCC VCSEL 

with and without transverse feedback at a fixed injection current of 10 mA into a VCSEL 

cavity.  By applying a reverse bias voltage of 1 V, we could avoid the optical feedback ef-

fect as shown in Fig. 2-14.  It is shown that the injection current in the feedback cavity 

enables us to control the phase and the amplitude for feedback light.  By applying a reverse 

bias voltage in the feedback cavity, the 3-dB bandwidth was clearly decreased to 9 GHz, 

which is in the same level of a conventional VCSEL. We could see a noticeable bandwidth 

enhancement by more than a factor of three to the compare with the VCSEL without opti-

cal feedback.  The control of the feedback phase and amplitude enables to go beyond 25 

GHz. The result shows that the bandwidth is increased to go beyond 29 GHz of the limita-

tion of the photo detector we used. This bandwidth is currently world’s fastest 980 nm 

VCSEL. The basic physics behind would be similar to the bandwidth enhancement due to 

photon-photon resonances in edge emitting lasers [7,8]. It is noted that the multi-mode op-

eration with photon-photon resonances enables us to tailor the modulation transfer 

function so that a flat frequency response can be extended far beyond the relaxation oscil-

lation frequency.  An advantage of our scheme is that tailoring the transfer function could 

also compensate the limitation of the parasitic capacitance.  
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Fig. 2-19 Measured small-signal modulation response of 980 nm transverse coupled cavity VCSEL. 

A 36 Gbps non-return-to-zero large signal modulation with a pseudo random bit se-

quence of 2
31

-1 was carried out as shown in Fig. 2-20. Injection currents into a laser and a 

feedback cavity are 6 and 2 mA, respectively. An extinction ration is over 4 dB. Our TCC 

VCSEL shows clear eye opening even for 36 Gbps while the eye was completely closed 

without feedback. We could see a large bandwidth enhancement over a factor of 3 thanks 

to the multi-mode photon-photon resonance effect, while the device structure and the oper-

ating conditions have not been fully optimized yet. 

 

Fig. 2-20 Measured 36 Gbps eye pattern for TCC-VCSEL with a 2
31

-1 word length.  Injection currents into a 

laser and a feedback cavity are 6 mA and 2 mA, respectively. 
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However, using this device in practical application needs a lot of effort to control the 

phase. To overcome this obstacle, we have designed smaller aperture of feedback cavity to 

get the out-of phase condition automatically, which leads to bandwidth extension in all 

ranges.  

2.10.2 Quasi Single-mode TCC VCSEL 

Figure 2-21 shows the measured small signal response of a TCC-QSM VCSEL with 

and without optical feedback at a fixed bias current of 6 mA into a VCSEL cavity. The 3-

dB bandwidth without optical feedback is around 9 GHz, which is limited in a standard 

980 nm VCSEL epi-wafer design we used. We can see a noticeable extension of 3-dB 

bandwidth by a factor of 3 in comparison with a VCSEL without optical feedback.  The 

dashed line shows the calculated modulation response of conventional VCSELs by using a 

standard rate equation analysis.  It is noted that the quasi-single-mode operation with pho-

ton-photon resonances enables us to tailor the modulation transfer function so that a flat 

frequency response can be extended far beyond the relaxation oscillation frequency. An 

advantage of our scheme is that tailoring the transfer function could also compensate the 

limitation of the parasitic capacitance.  Even without injection current in a feedback cavity 

functioning as a passive resonator, the transverse optical feedback makes large contribu-

tion to the bandwidth enhancement as observed in the multi-mode TCC VCSEL.
 
We are 

able to avoid the precise control of phase tuning current in the multi-mode coupled cavity, 

which also avoids extra power consumption and difficulty in stability in multi-mode cou-

pled cavities. 
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Fig. 2-21 Measured small-signal modulation response of transverse coupled cavity VCSEL with and without 

optical feedback 

 

We also carried out large signal modulation.  Figure 2-22(a) shows 25 Gbps non-

return-to-zero (NRZ) eye patterns for VCSELs with and without optical feedback while a 

pseudo random bit sequence (PRBS) with a word length of 2
31

-1 was used.  Bias currents 

into a VCSEL cavity were fixed at 5.5 mA for the both cases, while the feedback cavity is 

un-pumped.  The voltage swing was fixed at 400 mVpp. An extinction ratio was 5 dB. Fig-

ure 2-19(b) shows 30 Gbps NRZ large signal modulation results with and without feedback 

with PRBS of 2
31

-1. Bias current was increased to 6 mA, resulting in an extinction ratio of 

3.5 dB. The bit rate could be increased up to 36 Gbps as shown in Fig.2-22(c) with an in-

creased bias current up to 10 mA. An extinction ratio was 4 dB. Our TCC VCSEL showed 

clear eye opening even for 36 Gbps while the eye pattern was completely closed without 

feedback. The proposed scheme enables us to upgrade 10 Gbps VCSELs to 36 Gbps 

VCSELs by simply introducing a bow-tie shape aperture in a standard 980 nm VCSEL epi-

wafer.  
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Fig. 2-22 Measured eye patterns for VCSEL with and without feedback, (a) 25 Gbps with an extinction ratio 

of 5 dB, PRBS of 2
31

-1 and bias current of 5.5 mA for the both cases, (b) 30 Gbps with an extinction ratio of 

3.5 dB and PRBS of 2
31

-1 and bias current of 6 mA, and (c) 36 Gbps with word length of 2
7
-1, an extinction 

ratio of 4 dB and a bias current injected of 10 mA. 

 

 

 

(a) 

(b) 

(c) 
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2.11 Band of Hope 

We carried out the modelling based on Lang-Kobayashi’s equations including optical 

feedback [3]. Figure 2-23 shows the calculated 3-dB modulation bandwidth as a function 

of the coupling strength of two cavities for different delay time in the optical feedback. 

The result for a conventional VCSEL without optical feedback is also shown for compari-

son. We assumed material parameters for conventional 980 nm VCSELs. The oxide 

aperture is assumed as 3×3 𝜇m. The 3-dB bandwidth of conventional VCSELs is 10 GHz, 

which is very similar to our measured VCSEL without optical feedback. For a VCSEL 

with optical feedback, the important parameters are the coupling strength between the two 

cavities and the delay time of optical feedback. Given a coupling strength of 2×10
11

 s
-1

 and 

delay time of 5 ps, the modelling shows a 3-dB bandwidth of around 25 GHz, which is 

close to the present QSM device experiment.  The coupling strength per unit time was ex-

perimentally estimated from the measured photo-current when the feedback cavity was 

used as a photo-diode.  The delay time of optical feedback is counted from the group index 

and the length of the feedback cavity.  The details will be reported elsewhere.  By making 

cavities smaller and increasing the coupling strength, we expect the modulation bandwidth 

beyond 40 GHz.  Also, the optimization of a base epi-wafer structure, reducing the parasit-

ic capacitance and the series resistance could also be a great help for further increase in 

modulation bandwidths. The negative sign of the horizontal axis is corresponding to the 

out-of-phase of optical feedback. In order to obtain the bandwidth enhancement, the feed-

back light should be out-of-phase.  An interesting observation is that such out-of-phase 

coupling can be obtained without any phase tuning current in the feedback cavity in our 

present experiment.  This finding would be due to scattering loss in the joint section of the 

bow-tie shape aperture, which will be our future interesting subject.  
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Figures 2-24 (a) and (b) show the calculated eye patterns of conventional VCSEL and 

TCC VCSEL at 40 Gbps and 50 Gbps, respectively. While the pseudo-random bit se-

quence is 2
7
-1 word length. Both the bias current and the swing of the modulation current 

are assumed to be 1 mA, which gives us an extinction ratio of 6 dB for a VCSEL with 

feedback. A coupling strength of 2×10
11

s
-1

 and delay time of 5 ps were assumed for the 

TCC VCSEL. Our TCC VCSEL shows clear eye opening for 40 Gbps while the eye is 

completely closed for the conventional VCSEL. Also we can still see an eye opening for 

50 Gbps. Pattern-effects can be significantly reduced thanks to optical feedback. The dif-

ference between here and section 2-2, 2-3 is comes from difference of the photon-life time, 

while here this value is 1 ps two times smaller than the section 2-2 and 2-3. Keeping al-

most same value for the coupling as before, this will lead to eventually increase the relative 

loss inside the cavities and also increases the PPR frequency. Over all 3times larger band-

width can be expected from the modelling same as experimental data. 

 

Fig. 2-23 Calculated small signal response as a function of the coupling strength of two cavities for different 

delay time in the optical feedback. 
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Fig. 2-24 Calculated eye patterns for VCSELs with and without feedback,(a) For 40 Gbps and (b) 50 Gbps 

with an extinction ratio of 6 dB and PRBS of 2
7
-1, while a bias current of 1 mA is assumed for the both cases. 

 

 

2.12  Temperature and Current Dependence 

In Fig 2-25 (a) and (b), we measured the eye pattern results of QSM-TCC VCSEL at 20 

Gbps and 25 Gbps with PRBS of 2
31

-1, and the extinction ratio is < 5 dB, respectively. 

While temperature was elevated from 0° C to 70° C, we could see clear eye opening all 

over the range. These results clearly prove that our proposed device can be used for indus-

trial purposes. 
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Fig. 2-25 Measured eye patterns for VCSEL with feedback, (a) 20 Gbps with an extinction ratio of 

< 5 dB, PRBS of 2
31

-1 and bias current of 8 mA for the all cases, (b) 25 Gbps with an extinction 

ratio of < 5 dB and PRBS of 2
31

-1 and bias current of 8 mA. 
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Fig. 2-26 show the measured eye pattern for VCSEL with lateral optical feedback of 

slow light waveguide at 25 Gbps with an extinction ratio of < 4 dB and PRBS of 2
31

-1 

while bias current  varies from 4.5 mA to 10 mA with step of 0.5 mA. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-26 Measured eye patterns for VCSEL with feedback, 25 Gbps with an extinction ratio of < 5 

dB and PRBS of 2
31

-1 and bias current of 4.5-10 mA. 

 

2.13 Conclusion 

In conclusion, a transverse-coupled-cavity VCSEL was proposed and demonstrated for 

the bandwidth enhancement. In multi-mode case, the 3-dB bandwidth was increased by a 

factor of 3 far beyond the relaxation oscillation frequency.  The measured NFP showed 

strong optical coupling between the bow-tie shape coupled cavities, which could also be 

supported by the ripples in L-I characteristics. Clear 36 Gbps eye opening was attained 

with an extinction ratio of 4 dB. The result is comparable or even faster than the update 

highest speed VCSELs although the epi-structure and the coupled cavity structure have not 

been optimized yet.. 
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In a quasi-single mode VCSEL a 3-dB bandwidth of 27 GHz was attained which is 3 times 

larger than our conventional VCSEL, while the epi-wafer structure and the coupled cavity 

have not been fully optimized yet.  This is almost the record modulation bandwidth among 

high-speed single-mode VCSELs.  Clear 36 Gbps eye opening of large signal modulations 

was attained with an extinction ratio of 4 dB.  The modelling predicts larger enhancement 

in bandwidths by optimizing the TCC VCSEL structure. A concern could be the bias 

current/temperature dependences of the phase of the optical feedback light, which affect 

the bandwidth. It is practically important. We measured the bias and temperature 

dependence of large signal modulations.  We have seen clear eye openings at bias currents 

of 4-10 mA and in temperature ranges of 0-60 ºC.  Owing to the careful design of bow-tie 

shaped oxide apertures, the feedback phase could be stabilized to be in an out-of-phase 

condition, thus we are able to get the bandwidth enhancement in wide ranges of bias 

currents and temperatures. Further optimizations could offer ultra-high speed VCSELs be-

yond 50 Gbps for use in high-speed and energy-efficient datacentre photonics. 
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3 Chapter: Resonant High Frequency Modulation for Radio over Fi-

bre Application 

Wireless coverage of the end-user domain has become an essential part of broadband 

communication networks.  With the rapid growth of integrated broadband services, wire-

less systems are indispensable to have high data rates. The technical challenges involved in 

meeting this demand include utilizing higher carrier frequencies such as millimeter-waves 

for much faster wireless communication systems. Radio-over-fiber (ROF) links, which in-

tegrate fiber optics and wireless radio communication systems, have attracted considerable 

attention as suitable systems for broadband wireless services [1-5].  While millimeter-

waves offer considerably large bandwidth for ultra-fast wireless communication, there re-

main key technical challenges in light sources.  The simplest method for optically 

distributing RF signals is to directly modulate the intensity of lasers with the RF signal. In 

this regard, a primary challenge is to develop ultra-high speed lasers operating in the mil-

limeter wave range.  The modulation bandwidth of semiconductor lasers is restricted by 

the intrinsic limitation of relaxation oscillation frequencies. The bandwidth is practically 

limited to below 20 GHz.  Most millimeter wave applications, however, require only a nar-

row bandwidth centered at a millimeter-wave frequency. An interesting approach for high-

frequency modulations is to conduct resonantly enhanced modulation of semiconductor 

lasers with external cavities at millimeter wave frequencies [6]. 

In this chapter, we demonstrate a transverse-coupled-cavity (TCC) VCSEL with an inte-

grated ultra-compact lateral feedback resonator with the aim of enhancing the modulation 

efficiency in the millimeter wave range. The device shows a large enhancement of over 30 

dB in the modulation amplitude beyond 25 GHz. 
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3.1  Device Structure 

Schematic Structure is exactly same as 2.4, while the oxidation formation is different. 

Fig. 3-1 shows the infrared image of the oxide aperture. Due to the large size of feedback 

cavity the device acts as a multi-mode operation. In addition, measurement set up is same 

as multi-mode case as described in the previous chapter. 

 

Fig. 3-1 Schematic structure of the TCC VCSEL. 

 

3.2 Static Results 

Figure 3-2 shows the measured light output/current (L/I) characteristics for different 

feedback currents while the laser current was varied from 0-10 mA.  Threshold currents are 

below 1 mA.  When the feedback cavity was pumped, it started lasing.  The L/I character-

istics were measured with screening the output from the feedback cavity by a needle. The 

intensity variation at zero VCSEL current was due to the lateral optical coupling from the 

lasing feedback cavity. Applying a reverse voltage of 1 V in the feedback cavity provides a 

smooth L/I curve (see Fig.3-2), showing that the ripple was due to the transverse optical 

feedback and that this was cancelled when the feedback effect was removed. 
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Fig. 3-2 Light output/current characteristics for different feedback currents. Applying a reverse-bias voltage 

yields result like for a conventional VCSEL. 

 

 

The noise and signal distortion associated with optical feedback are important issues in 

RoF links. The relative intensity noise (RIN) and signal distortion are enhanced at the res-

onant frequency for edge emitting lasers with optical feedback [7, 8]. 

The device operates in multi transverse modes as shown in Fig. 3-3. The RIN of multi-

mode VCSELs is larger than that of single-mode VCSELs. It is dominated by mode-

partition noise in multi-mode fiber (MMF) links with mode-dependent loss [9]. These is-

sues necessitate modeling and measurements of the enhanced nonlinear dynamics and 

noise of the present VCSEL at the coupled cavity resonance.   
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Fig. 3-3 Lasing spectra for the feedback cavity and the laser cavity for 2 mA and 6 mA currents of feedback 

and laser side, respectively. 

 

3.3 Dynamic Results 

Fig. 3-4 shows the measured small signal response for a TCC VCSEL with a fixed 

VCSEL current of 6 mA and different injection currents in the feedback cavity.  By 

applying a reverse-bias voltage of 1 V in the feedback cavity, the feedback effect can be 

avoided.  In this case the device shows a 3-dB modulation bandwidth of  only 8 GHz.  

Resonant modulation enhancement larger than 30 dB can be seen beyond 25 GHz when 

the feedback cavity was under forward bias.   Figure 3-4 shows that the resonance peak 
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frequency is sensitive to the feedback cavity current, which is of concern in practical appli-

cations.   

 

Fig. 3-4 Measured small-signal modulation response of 980 nm conventional VCSEL and TCC VCSEL. 

 

We modeled the bandwidth enhancement using the Lang-Kobayashi rate equation [10].  

In this modeling, the frequency chirping effect was ignored, and thus the phase  is as-

sumed to be time-independent.  

 Calculated small signal responses are shown in Fig. 3-5 for conventional VCSEL 

without feedback and TCC VCSEL, assuming the same material parameters as for conven-

tional 980 nm VCSELs. The bias current was assumed to be 10 times the threshold. The 

important parameters are the coupling coefficient KC and the phase of the lateral feedback 

light.   The position of resonant modulation enhancement was strongly dependent on the 

delay time   and the feedback phase .  By adjusting the phase, we see large enhancement 

0 5 10 15 20 25 30
-30

-20

-10

0

10

20

Response Frequency (GHz)

In
te

n
si

ty
 M

o
d

u
la

ti
o

n
 (

d
B

)

Feedback Current

IVCSEL  = 6mA

 8.5mA
 8.6mA
 8.7mA

 1V Reverse Bias 
 Calculated Conventional

θ

θ



63 

 

in modulation amplitudes over 40 dB at a frequency beyond 25 GHz for both in-phase and 

out-of phase modulation.  

 

 Fig. 3-5 Calculated small-signal modulation response of 980 nm conventional VCSEL and TCC VCSEL. 

 

The modelling result shows reasonable agreement with the experimental result. Two cas-

es of out-of-phase coupling (θ=π) and in-phase coupling (θ=0) are shown in Fig. 3-5. The 

modeling indicates the position of resonances is dependent on the phase.  A resonance fre-

quency of 27 GHz corresponds to inverse of delay time of 36 ps in the feedback. The delay 

time was in agreement with the theoretical prediction assuming a group index of 300 and 

round trip feedback cavity length of 35 m (Fig. 3-1). Thanks to slowing light in the lateral 

direction, resonances at mm-wave frequencies can be obtained even for very small coupled 

cavities.  By making coupled cavities smaller, we expect higher frequency resonances be-

yond 50 GHz. 
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3.4 Conclusion 

In summary, we demonstrated the modulation enhancement of a TCC VCSEL for RoF 

applications. We have shown the PPR effect is not only good for the improving of the 3-dB 

bandwidth of 980 nm VCSEL, but also can enhance the modulation in RoF regim. An en-

hancement over 30 dB in modulation efficiency beyond 25 GHz was obtained. The 

theoretical modelling for the modulation response showed reasonable agreement with the 

experimental results. Resonantly enhanced modulation response was clearly shown at fre-

quencies beyond the intrinsic modulation bandwidth of the laser without optical feedback. 

The proposed light source would be suitable for efficient narrow-band modulation in the 

millimetre wave range. 
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4 Chapter: Push-Pull Modulation for Ultrahigh Speed Operations 

With direct modulation of conventional VCSEL, any enhancement in optical output linked 

to increase of the gain to a value over transparency. The out-put light gains up to the in-

creased stimulated recombination then unload the carriers and reduces the gain below 

transparency. The interaction between photon generation and carrier evacuation guides to 

the fundamental resonance with the modulated output reducing at 20 dB per decade after 

this resonance. By transverse push-pull modulation, the photonic energy within the cavities 

is kept constant and traveled back and afore along the transverse path with the output com-

ing from one side cavity and the bit supplement from the other cavity. The ancient photon-

carrier resonance is perfectly removed and substituted with the restriction on how fast the 

photonic energy may propagate back and forth in the structure. This limit is handled by the 

frequency breakaway between the dominant lasing mode and it closest side mode, the new 

oscillation frequency will be attained between the dominant lasing mode and it nearest side 

mode. By considering the out-of phase condition and injection of same current density 

each cavity side, we can keep the total current density constant with comparison to solitary 

laser. This results to keep the mean gain unchanged thus no blue shift will happen, while 

beating the transverse mode will offer higher bandwidth of operation, mainly limited by 

the parasitics and transverse coupling. 

Here, two states have been considered; the first one is when one side cavity is lasing 

under certain injection current while the intensity of other side is suppressed. The second 

one is when both cavities are lasing via keeping the same total current as the first case. 

Even if the total photons in entire both cavities are unchanged, intensity modulation leads 

from spatially altering the transverse optical mode distribution via modification of injec-

tion currents in each VCSEL. In this situation an extremely ultra-fast direct modulation can 
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be expected free from relaxation oscillation frequencies determined by total photons as 

will be discussed in this chapter [1-3]. 

4.1 Measurement Set-up 

Fig. 4-1 shows the measurement set up for push-pull modulation. A RF signal from the 

network analyser was equally divided to two paths. One of the divided signals was applied 

to one of the cavities with a bias current. The other one was applied, through an inserted 

RF mechanical phase shifter to make a π phase shift, to the other cavity side with the same 

bias current. The modulated signal through a multi-mode fiber (MMF) followed by a 25 

GHz-bandwidth photo detector, while the light was collected from only one side of the 

cavities.  

 

 

Fig. 4-1 Measurement setup for dynamic modulation characteristics of push-pull VCSEL. 
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4.2 Static characteristics 

Near-field patterns (NFP) and far-field patterns (FFP) of fabricated bow-tie shape cou-

pled cavity VCSELs. Figures 4-2(a) and (b) show the NFP of two states with different 

current distributions in the two cavities while the total injection current is fixed at 4 mA in 

the oxide defined two cavities. Only one cavity is pumped above the threshold in figure 4-

2(a) while two cavities are equally pumped in figure 4-2(b).  Figures 4-3(a) and 4-3(b) 

show the FFP while the total relative intensity of the NFP and FFP of the two states is al-

most unchanged. Figures 4-2(a) and 4-2(b) clearly show the localized field and the 

spreading field in the two cavities, respectively. Figure 4-3(a) shows a single-lobe far-field 

pattern, which is the same as a single-cavity VCSEL.  On the other hand, the double-lobe 

far field pattern in figure 4-3(b) indicates the coherent coupling of two cavities with out-of-

phase condition. The far-field patterns shown in figures 4-3(a) and 4-3(b) could be under-

stood as the diffraction-limited images of figures 4-2(a) and 4-2(b), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-2 Measured NFP of (a) non-coupled VCSELs and, (b) coupled VCSELs. 

 

 

 

 

 

 

(a) (b) 



69 

 

 

 

 

 

 

Fig. 4-3 Measured FFP of (a) non-coupled VCSELs and, (b) coupled VCSELs with different cur-

rent distributions.  

 

We also measured the lasing spectrum of the case of figures 4-2(b) and 4-3(b). A multi-

mode fibre (MMF) and optics were used so that the output from each cavity is collected 

independently. Fig. 4-4 indicates that two lasers (cavities) are coherently coupled and 

hence show the same lasing wavelength of dominant modes. A quasi-single mode with a 

side-mode suppression ration (SMSR) of 10 dB was obtained. According to these evidenc-

es we could claim that two-cavities are coherently coupled. 

Figure 4-5 shows the results of L-I for two different states when a probe-needle 

screens one cavity and in this case a needle acts as a spatial filter.  The two L/I indicate the 

output by pumping only each cavity. The two states are corresponding to push-pull intensi-

ty modulation of the two cavities in exactly out-of-phase. The field distribution variation 

makes the intensity modulation free from the relaxation oscillation frequency and only 

(a) (b) 
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would be dominated by the lateral coupling coefficient as discussed before. An extinction 

ratio of over 12 dB was obtained in the two states. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-4. Measured spectrum data of each VCSEL while both lasers are lasing with the same 

amount of current (2 mA). 

 

 

 

 

 

 

 

 

 

 

 

Fig.4-5. Measured L/I for reverse states, while the probe-needle acts as a spatial filter of one aper-

ture and the total current inside the cavities are the same at each specific points. 
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4.3 Dynamic Results 

The following rate equations for carrier and photon densities are defined while merely 

one longitudinal and transverse optical mode is lasing: 

                                                                                           (4-1) 

                                                                                   (4-2) 

For the cavities k=1,2 where Nk is the carrier density, Jk is the current density, d is the 

thickness of active region, Xk is the overlapping ratio of optical standing wave in the cavi-

ties, 𝜏 k is the carrier life time, ν is the group velocity of the optical mode in the material, gk 

is the material gain, Γ is the optical confinement factor, 𝜏 p is the is the photon life time, S 

is the total photon density for both cavities, q is the electric charge, β is the spontaneous 

emission factor and Rsp is the spontaneous emission ratio per unit volume.  

We carried out small signal rate equation analysis.  We considered the injection current 

densities in the two cavities; j1(ω) and j2(ω) are given by 

                                                                                                        (4-3) 

where A and φ are amplitude and phase change between the injected current in the cavi-

ties. In order to make the equation easier we considered that both cavities have the same 

characteristics. 

Fig. 4-6 shows the measured small signal modulation response of a conventional VCSEL 

with a single-cavity modulation and a push-pull modulation VCSEL with two RF current. 

Although the 3-dB modulation bandwidth of the conventional VCSEL is limited below 9 

GHz, we see a clear resonant enhancement at a modulation frequency of 12.6 GHz by ad-

justing a delay time of 47 ps in the RF phase shifter, which is corresponding to 1.2 . 

While the modelling tells us an optimal phase-difference to be , the difference may come 

)(j )(j 21    jAe
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from the fluctuation of delays in RF cables used in the experiment. In the measurement, a 

phase shifter gives us a fixed delay; eventually we could get the out-of-phase condition of 

RF signals only at a fixed frequency. As a result such a resonance enhancement can be seen. 

The dashed line and the red solid line show the calculated small signal response of a con-

ventional VCSEL and an ideal push-pull modulation VCSEL using eqs. (4-1),(4-2), 

respectively. We are able to go beyond the limit of relaxation oscillation frequencies. 

The measured result of large signal for push-pull modulation is shown in Fig.4-7 (a). In 

order to measure the push-pull we multiplexed four channels as shown in Fig. 2-11. RF 

signals are connected directly to the outputs of the multiplexer (inverting and non-

inverting). In Fig. 4-7 (b), one side is open-circuited. From Fig.4-7 (a) and (b) we can 

clearly see that via using two contacts bandwidth can be boosted to higher bit rates. How-

ever, in the current measurement, low extinction ratio has been obtained due to lack of 

amplifier after the multiplexer. 

 

Fig. 4-6.  Measured small signal modulation response of a conventional VCSEL with a single-

cavity modulation and a push-pull modulation VCSEL with two RF current. The dashed black line 
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and the red solid line show the calculated small signal response of a conventional VCSEL and an 

ideal push-pull modulation VCSEL, respectively. 

 

 

Fig. 4-7 Measured eye patterns for VCSEL with and without push-pull effect, (a) 40 Gbps with an 

extinction ratio of 2 dB, PRBS of 2
7
-1 and bias current of 10 mA for the both sides, (b) 40Gbps 

with an extinction ratio of 2 dB and PRBS of 2
7
-1 and bias current of 10 mA one side while the 

other side is open circuited. 

 

4.4 Conclusion 

In conclusion, we proposed a novel method to couple two closely integrated VCSELs, 

which offers a high coupling efficiency >90% with a negligibly small scattering loss be-

tween two cavities. The calculated scattering loss can be managed by optimizing the bow-

tie shape. Transverse-mode switching offers a unique modulation concept that makes spa-

tial intensity modulation while total photons inside the coupled cavities is unchanged under 

push-pull current modulation. We expect ultra-fast modulation free from relaxation oscilla-

tion frequencies for the out-of phase in two-RF signals applied into the coupled cavities. 

Our experimental data show that bandwidth can boost by push-pull modulation with the 

out-of phase condition. A 40 Gbps clear eye opening could be achieved with two contact 

case, while the single contact case could not track the speed. This simply implies that the 

push-pull modulation can be combined with PPR, while the bandwidth can be further en-

hanced.  This proposed structure is useful for increasing the modulation speed of VCSELs. 

40 Gbps 2
7

-1 

E.R= 2dB 

I
1
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I
2
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5 Chapter: Ultra-Compact Electro-Absorption Modulator In-

tegrated with VCSEL 

Electro absorption (EA) modulator is a semiconductor device with the same structure as 

the VCSEL. In VCSELs, we inject large amount of current density to achieve stimulated 

emission. While in EA modulator, we apply electric field (reverse bias) to modify the ab-

sorption spectrum. At zero bias, absorption is week, under strong reverse biased, 

absorption is large. No carriers are injected into the active region. However, carriers are 

generated due to absorption of light. Mechanisms of EA devices are Franz-Keldysh effect 

and quantum-confined stark effect (QCSE) for conventional bulk semiconductor and quan-

tum well structure. Both of these electro absorption effects are prominent near the band 

gap of semiconductor laser. In the previous chapters we have devoted our effort to enhance 

the modulation bandwidth by apply PPR effect. Although, we could boost the modulation 

speed of VCSEL from 18 Gbps to 36 Gbps, but still the modulation speed was limited be-

low 40 Gbps. In the previous chapter, we have tried to combine another effect which is 

called “Push-Pull” to the PPR.  Indeed we could see clear eye opening for 40 Gbps in case 

of applying both effect, even with-out fully optimizing of the mesa shape or oxidation 

shape, but the clear point was in order to achieve over 40 Gbps, current density will be in-

creased. In this chapter a compact electro absorption based on TCC VCSEL will be 

considered, to solve the current density problem. 
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5.1 Franz-Keldysh Effect 

Electro-absorption modulators in bulk materials can be obtained by exploiting of Franz-

Keldysh effect [1]. The Franz–Keldysh effect is a mutation in optical absorption by a sem-

iconductor when an electric field is utilized. The Franz–Keldysh effect is the outcome of 

wave functions “infiltrating “into the band gap. When an electric field is connected, the 

electron and hole wave functions become spacy operates rather than plane waves. The 

spacy function includes a "tail" which outstretches into the forbidden band gap. Regarding 

to Fermi's Golden Rule, the more overlap there is between the wave functions of a free 

electron and a hole, the stronger the optical absorption will be. The spacy tails slightly 

overlap even if the electron and hole are at different potentials. The absorption spectrum 

now includes a tail at energies below the band gap and some oscillations above it. This ex-

planation does, however, omit the effects of excitons, which may surmount optical 

properties near the band gap. Fig. 5-1 illustrates the simple scheme of the Franz–Keldysh 

effect. 

 

 

 

 

 

 

 

Fig. 5-1 (left) Schematic depiction of the Franz-Keldysh effect. The solutions of Schrödinger’s 

equation with additional electric potential are spacy functions, which decay exponentially into the 

forbidden gap region. This fact results in increased absorption of photons with less energy than the 

gap energy (see also right). The absorption change of photons with higher energy than the gap en-

ergy shows an oscillatory behaviour due to interferences of airy functions in the conduction band. 
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5.2 Quantum-confined Stark Effect 

In an active quantum well, the basic phenomena of absorption change is the quantum 

confined stark effect (QCSE), [2-5]. In Fig. 5-2 a schematic view of QCSE in a semi-

classical case can be seen. This illustration shows electron and hole in the valence and 

conductance area. The energy ћω1 which is required to lift the lower particle to the location 

of upper case is directly proportional to their height gap. This is the least photon energy 

that can help to have an absorption process. By applying reverse voltage as a bias, linear 

potential of a constant electric field will across the boxes and resulting to tilt the both ener-

gy level. The particles are still separated but move closer to each other in terms of energy 

difference. Now the photon with less energy ћω2 < ћω1 are enough to overcome the gap 

between hole and electron. 

 

 

 

 

 

 

Fig. 5-2 Schematic picture of the quantum confined Stark effect in semi-classical view. 

 

As the energy difference between the electrons and holes reduces, amplitude absorption is 

also reduced, this cause a sharp peak in the vicinity of absorption. 

Reverse Bias Equilibrium 
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5.3 Integration concepts of VCSEL and modulator 

In order to realize the compact modulator, a modulator transversely integrated to the 980 

nm VCSEL.  Figures 5-3 indicates oxide aperture of the fabricated transverse coupled cavi-

ty (TCC) VCSEL. The vertical structure is the same as conventional 980nm InGaAs/GaAs 

VCSEL. The bottom distributed bragg reflector (DBR) mirror includes 41.5-period Si-

doped Al0.92GaAs/ Al0.16GaAs DBR on a 500 nm thick silicon-doped GaAs buffer layer. 

The active region has three In0.2GaAs/GaAs quantum wells implanted in one-λ thick 

Al0.3Ga0.7As separate confinement hetero-structure layer. 30 nm thick Al0.98GaAs is placed 

in order to form transverse oxide confinement. The top DBR mirror includes a 21-period 

carbon-doped Al0.92GaAs/ Al0.16GaAs DBR, followed by a highly doped p-contact layer. 

Proton implantation with six various voltages steps from 60kV to 350kV at the centre of 

joint connection of the coupled cavities were implanted with doses of 10
15

cm
-2

. The meas-

ured SIMS profile figured out that the proton penetrated into the entire top-DBR. So that 

electrical isolation of over 1 MΩ was obtained. Oxidation formation includes double 

square apertures of 3µm×3µm are connected to form bow-tie shaped oxide apertures while 

the joint region is less than few microns. The modulator length is only 8 µm. 

 

 

 

 

 

 

 

 

Fig. 5-3.Top view of the slow-light modulator laterally integrated with VCSEL. 
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5.4 Mechanism of QCSE in the TCC VCSEL 

By applying reverse-bias voltage in our ultra-compact modulator side (8𝜇 m), strong elec-

tro-absorption occurs. While by increasing the absorption coefficient in the modulator, the 

lateral penetration of the light is reduced and hence the total radiation power decreases. 

This electro absorption happens due to the QSC effect in our device. Figure 5-4(a) and (b) 

show the two states OFF and ON which is related to the O.C and reverse bias voltage, re-

spectively. 

 

 

 

 

 

 

 

 

Fig. 5-4. Two states operation while (a) modulator side is open circuit (b) reverse bias voltage is 

operated. 

 

5.5 Static Results 

Fig. 5-5. Shows the near field pattern (NFP) data for un-modulated and modulated states 

while the 6 mA DC current, was injected to the laser side and the modulator side was oper-

ated with reverse bias voltage of 0V and 1V, respectively. The figure clearly indicates the 

intensity of the modulator section disappears by applying a reverse bias in the modulator. 

 

 

 

 

(a)  (b) 
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Fig. 5-5. NFP data for un-modulated and modulated states while 6 mA DC current is set in the laser 

side and modulator side is biased with 0V and -1V respectively. 

 

We measured the spatially-resolved intensity as a function of modulator voltages as 

shown in Fig. 5-6. The output from the VCSEL and the modulator is separately measured 

by collecting each power through a multi-mode fiber.  We are able to realize a static extinc-

tion ratio of 6dB for a reverse-bias voltage of 200 mV. Such an ultra-low voltage could be 

obtained even for a compact (8 µm) modulator thanks to a large group index of 150 in the 

Bragg reflector waveguide and the lateral optical resonance in the modulator. Also, it is 

noted that the intensity of the VCSEL side is almost unchanged ever for applying a modu-

lator voltage. The threshold current is 1 mA, which is also unchanged for different 

modulator voltages. The result shows the intensity modulation dominantly takes place in 

the modulator.  A fiber coupled power from the modulator is 0 dBm at a VCSEL bias cur-

rent of 8 mA, which could be improved by inhibiting the vertical emission from the 

VCSEL by covering the surface of the VCSEL with a metal. 
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Fig. 5-6 Spatially-resolved intensity from VCSEL and the modulator as a function of modulator 

voltages. 

5.6 Dynamic Results 

 

We carried out the measurement of small signal modulation. The output from the modula-

tor is modulated by superimposing a RF signal at a reverse-bias voltage of 0.2V while the 

VCSEL is pumped by DC current.  Output light is captured by a photo-detector (PD) with 

a bandwidth of 25 GHz through a multi-mode fibre. The small signal modulation response 

was measured by using a network analyser with a bandwidth of 40 GHz as shown in Fig. 

5-7.  We see two resonance peaks which come from the carrier-photon resonance of the 

VCSEL and the photon-photon resonance observed in our transverse coupled cavity 

VCSELs [3].  The optical feedback from the modulator affects the modulation response 

and the details are under study.  The 3-dB bandwidth is almost 30 GHz although the modu-

lation bandwidth is below 10 GHz for a conventional VCSEL fabricated from the same 

epi-wafer.  We could see a noticeable bandwidth enhancement by using the modulator in-

tegration. 
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Fig. 5-7. Measured small-signal modulation response of the modulator integrated VCSEL with bias 

voltage of 0.2V and VCSEL bias current of 8 mA. 

 

We carried out NRZ large signal modulations with a pseudo random bit sequence of 2
7
-1 

as shown in Fig.  5-7. The modulation voltage swing from a 40 Gbps multiplexer is below 

400 mVpp. Although it is the first trial for large-signal modulation of the modulator-

integrated VCSEL, we see eye opening up to 25 Gbps with an extinction ratio of 6 dB.  

Some other device shows eye opening even for higher bit rates of 32 Gbps while the 

modulation bias voltage is higher. The device structure and the operating conditions have 

not been fully optimized yet; we could expect better modulation performances. 
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Fig. 5-8. Measured eye patterns for modulator-integrated VCSEL, (left) 15Gbps, (centre) 20Gbps 

and (right) 25Gbps with an extinction ratio of 6 dB, PRBS word length of 2
7
-1 and VCSEL bias 

current of 8 mA. 

5.7 Conclusion 

In this chapter, we demonstrated a compact (8µm long) electro-absorption modulator later-

ally integrated with a 980nm InGaAs VCSEL incorporating a bow-tie-shape oxide 

aperture. We obtained a low driving voltage below 400mVpp for 6 dB extinction ratio. A 

large signal modulation up to 25 Gbps and small signal modulation up to 30 GHz were 

demonstrated. Our spectrum show that this modulator is working based on QSCE.  Our 

ultra-compact modulator integrated VCSEL can boost the modulation speed far beyond the 

direct modulation bandwidth with low-power consumption for use in next-generation 

computing and communication networks. 
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6 Taper Hollow Waveguide for VCSEL Integration  

In this chapter in the first part a spatial-mode multiplexer/demultiplexer using a Bragg 

reflector tapered hollow waveguide is proposed. Depending on each spatial mode, vertical 

radiation takes place at a cut-off condition while the radiation position is dependent on the 

order of each spatial mode. Modelling of our structure is carried out by using a film mode-

matching method. The result shows low wavelength dependence and no noticeable polari-

zation dependence while a low insertion loss is expected. Clear vertical radiation could be 

observed, depending on the order of spatial modes. In the second part, we proposed a high-

efficient out-of-plane optical coupler based on a tapered hollow waveguide. Modelling 

shows low polarization dependence and low wavelength dependence in a 35 nm wave-

length window (C-band). The relative lateral displacement per spot-size of vertical output 

for the entire C-band is less than 0.13 and 0.38 for TE and TM input-mode, respectively. At 

the same time, polarization dependent insertion loss is below 1.35 dB for both TE and TM 

input-modes.  

  Our proposed devices enable us to integrate surface-normal optical devices such as 

photo-detectors and VCSELs. The devices will be useful for ultra-high capacity optical in-

terconnects using spatial mode multiplexing. 

6.1 Spatial-mode Multiplexer/Demultiplexer 

6.1.1  Device Structure  

Fig. 6-1 shows the schematic structure of our proposed spatial-mode multiplex-

er/demultiplexer. Bragg reflectors (3pairs Si/SiO2) enable us to confine different spatial 

modes in an air core. In addition, tapering the air core results in the vertical radiation at a 

cut-off condition for each spatial mode [1]. The radiation position is dependent on the or-

der of each spatial mode. Thus, this waveguide device functions as a spatial mode 
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multiplexer/demultiplexer. Also, the vertical coupling enables us to integrate surface-

normal optical devices such as photo-detectors and VCSELs. A unique behaviour in a nar-

row core tapered hollow waveguide shown in Fig. 6-1 was previously found [2].  We 

calculated the intensity field distribution for the hollow waveguide with tapering a core 

thickness.  We figured out that light is radiated in a vertical direction at a cut-off condition 

that the core thickness is: 

𝐷 =
(   )

 
𝜆                                                                                                                  (6-1) 

with the spatial mode number of n [2]. Thus, the radiation point is dependent on the or-

der of spatial modes for tapered hollow waveguides.  

 

  

Fig. 6-1 Schematic structure of the spatial mode multiplexer /demultiplexer based on the tapered 

hollow waveguide. 
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6.1.2 Modelling and Results 

The modelling of the proposed structure is carried out by using a mode-matching meth-

od (FIMMWAVE, Photon Design). Since the structure is symmetric in the vertical 

direction, we could calculate a half of the symmetric structure.  

The calculated intensity distribution for a fundamental mode and the higher order 

modes is shown in Fig. 6-2 for a hollow waveguide with tapering a core thickness from 

6𝜇 m to 0.4𝜇 m while the length of the device is 1mm. Different spatial modes are excited 

from an air core of 6𝜇 m. 

 

 

 

 

 

 

 

 

Fig. 6-2 Calculated field distribution of vertical radiation, of fundamental mode. 

 

In order to calculate, integration order zero of the taper algorithm was utilized. While 

the order one is most suitable for near-adiabatic structures, which does not necessarily ap-

ply here. The order zero is likely require a smaller value of "min step-size fraction" to 

converge. Value of "tolerance" was set of 0.02 to 0.01. I splitted the taper into two parts as 
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light exits the structure. This was done using the "RANGE" function in the interpolation 

function as shown in Fig. 6-2. 

Fig. 6-3 shows the calculated intensity profile of the vertical radiation for fundamental 

and higher order modes with different wavelengths.  The results exhibit clear spatial mode 

demultiplexing. . In addition, its demultiplexing characteristics are less dependent on 

wavelength; the calculation is done for the wavelength of 1550 and 1600 nm. This device 

showed that the radiated position is slightly dependent on the wavelength. The position 

shift is about 8.92 µm,17.58 µm,26.78 µm,35.71 µm,44.64 µm,53.57 µm and 62.5 µm per 

a wavelength shift of 50 nm for the fundamental , first, second, third, fourth, fifth and sixth 

order mode respectively. Indeed angle of tapered hollow waveguide is acting as a major 

role to determine this dependency, thus in order to reduce the wavelength dependency 

more, we can increase the angle of tapered hollow waveguide.  Even for this wavelength 

band, a cross-talk of below -15 dB between different channels is expected. In addition, we 

can see the low wavelength dependence of its demultiplexing characteristics in the figure.  

 

 

 

 

 

 

 

 

Fig. 6-3 Calculated wavelength dependence of spatial mode demultiplexing. (Intensity profile of 

vertically radiated light for different spatial modes with wavelengths of 1550 nm and 1600 nm) 
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Fig.6-4 also depicts the polarization dependence of spatial mode demultiplexing. From 

this graph a cross-talk of below -15 dB between different channels is expected for orthogo-

nal polarization states. Thus, no noticeable polarization dependency at the same time is 

obtained. The shift of the radiation point is in the range of 1 µm to 4 µm for different po-

larization states. These are practically very important for the large wavelength tolerance of 

VCSELs and for avoiding the polarization control of VCSELs. We calculated the coupling 

efficiency, namely the insertion loss for our device.  By increasing the length of the pro-

posed device with a fixed input thickness, the angle of the taper hollow waveguide 

decreases. On the other hand, power efficiency which is strongly dependent on the taper 

angle is reducing. However, by well optimization we can keep the insertion loss as low as 

<1.5 dB. The detail will be discussed later. 

 

 

  

 

 

 

 

Fig.6-4 Calculated polarization dependence of spatial mode demultiplexing. (Intensity profile of 

vertically radiated light for different spatial modes with TE and TM mode input) 
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6.2 Vertical to In-plane Coupler 

6.2.1 Device Structure 

Fig.6-5 shows the schematic structure of our proposed in-plane to vertical coupler. 

Highly reflective distributed Bragg reflectors (3-pairs Si/SiO2) enable us to confine light in 

an air core. In addition, tapering the air core results in the vertical radiation at a cut-off 

condition depending on wavelength, while the radiation position for longer wavelength 

ambulate to the location of thicker core. We found that the radiation position is less de-

pendent on wavelength in the entire C band. Thus, this waveguide device functions as a 

wavelength-insensitive in-plane to vertical coupler.  

    

 

 

 

 

 

 

 

Fig. 6-5. Schematic structure of in-plane to vertical coupler based on tapered hollow waveguide. 

 

We calculated the intensity field distribution for the hollow waveguide with tapering a 

core thickness.  We assumed a perfect mirror as a bottom mirror, which can be replaced by 

Si/SiO2 distributed Bragg reflector for real devices. The intensity distribution is calculated 

same as shown in Fig.6-2, while here core thickness changes from 8 to 0.02 μm and the 

length of the device varies from 100 μm to 1.5 mm.  In this calculation, we assumed a TE-

mode Gaussian beam with a wavelength range of C-band as input. 
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6.2.2 Modelling Results 

The calculated intensity profile of vertical radiation is shown in Fig. 6-6. The calcula-

tion was carried out for the wavelength range from 1530 to 1565 nm (C-band) with a TE-

mode. This figure illustrates that the radiated position is almost overlapped in the entire 

wavelength region. The position-shift is small enough to make low-wavelength depend-

ence in the entire of C-band.  

 

 

 

 

 

 

 

 

 

Fig. 6-6 Calculated wavelength dependence of 90° bend device with different taper angles. (Intensi-

ty profile of vertically radiated light for different taper-angle with wavelengths of 1530 nm and 

1565 nm) 

 

Figure 6-7 also shows the polarization dependence of TM and TE mode at 1550 nm, 

which also shows no noticeable polarization dependence.  The position displacement of TE, 

TM mode is in a range of 0.1-0.8 nm in the entire C-band. Due to the larger in-put thick-

ness of the taper hollow waveguide the displacement is much smaller than the results 

which obtained in Fig. 6-4. On the other hand the spot-size is in range of 1-23 nm, there-

fore this allows displacement over spot-size to be negligible. 
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Fig. 6-7 Calculated polarization dependence of 90° bend device with different taper angles. (Inten-

sity profile of vertically radiated light for different taper-angle with wavelengths of 1565nm and 

TE, TM mode input). 

 

A conventional in-plane to vertical coupler needs to use a spot-size converter, which 

usually needs a noticeable size. In contrast, our device functions as a spot-size converter. 

Since our proposed coupler easily adjusts the spot-size via taper-angle modification. 

 Figure 6-8 shows the calculated output spot-size (full width at a half of maximum) as a 

function of a taper angle from 4.57° to nearly 0°. This figure clearly shows a possibility of 

enabling a wide range of spot-size from a few 𝜇 m to over 23 𝜇 m.  

 

 

 

 

 

 

 

Fig. 6-8 Calculated spot-size (FWHM) of 90° bend device with different taper angle with 1535 nm 

input.   
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 Figure 6-9 shows the calculated insertion loss for both TM and TE modes of input 

with different angles while the taper angle is increased from 2.3° to 0.3°. It can be seen that 

by reducing the taper angle insertion loss will change from 0.4 dB - 0.5 dB to 1.35 dB -

1.25 dB for input of TE and TM mode, respectively. 

 

 

 

 

 

 

 

 

 

Fig. 6-9 Calculated insertion loss of 90° bend device with different taper angles with wavelengths 

of 1565 nm for TE and TM mode input. 

 

6.3 Conclusion 

In conclusion, based on a tapered hollow waveguide we proposed a spatial multiplex-

er/demultiplexer and high-efficient in-plane to vertical optical coupler. In the case of 

multiplexer/demultiplexer, clear demultiplexing for different spatial modes was presented. 

Low wavelength sensitivity and polarization independence was expected. Also, high effi-

ciency of vertical radiation could be expected. 

 On the other hand, in case of high-efficient in-plane to vertical optical coupler, our re-

sults show no-noticeable polarization dependence and low wavelength dependence in the 

entire C-band (1530 nm-1565 nm). The lateral position-shift per spot-size for the entire C-

band is less than 0.13 and 0.38 for the TE and TM modes of input, respectively. The calcu-
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lations show that the wavelength window is wide enough with an optical bandwidth of 35 

nm. At the same time we obtained low polarization dependent insertion loss below 1.35 dB 

and 1.25 dB for the TE and TM modes of input, respectively. This device functions as a 

spot-size converter, which can be managed from few μm to 23 μm for TE input-mode via 

taper-angle modification. Finally, these proposed devices can be utilized for a variety of 

applications such as in-plane coupling of VCSELs and detectors for use in high-density 

optical interconnects. 
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7 Other Applications and Future Prospects of Lateral Integra-

tion of VCSEL 

7.1 Other Application 

7.1.1 In-plane Integration of VCSEL with Photo-detector  

Another potential application which could be laterally integrated with VCSEL would be 

a concept to form photo-detector integrated VCSELs. In this configuration one cavity must 

be suppressed by the reverse bias voltage at 1volt (in case of modulator we have already 

shown that 1 V reverse bias can suppress the top emission in the modulator), while the oth-

er cavity can be used as a laser. Here some preliminary data would be discussed. In Fig. 7-

1, we can see the equivalent circuit for TCC VCSEL, while top emission in one cavity side 

is dominantly suppressed by appropriate reverse bias voltage. The amount of bias voltage 

is directly proportional to the resistance of each cavity side.  

 

Fig. 7-1 Equivalent circuit of TCC VCSEL, while the top emission of the right cavity side is sup-

pressed by reverse bias 1V. 
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This time, the proton implantation with six-step different acceleration voltages from 60 

to 350 kV doses of 10
15

 cm
-2

 was performed at the centre of the joint connection of the 

coupled cavities.  According to the measured depth profile (see Fig. 7-2), the protons pene-

trated almost the entire top DBR, the total thickness of which was 4 𝜇 m. An electrical 

isolation over 10 M𝛺  corresponding to a leakage below 1 𝜇 A was attained under forward 

bias conditions of the one cavity and reverse bias of the other cavity (-1V). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7-2 Measured secondary ion mass spectrometry in a proton implanted epitaxial wafer. 

 

Infrared image of oxide aperture of the device we uses for the photo-detector purpose is 

shown in Fig. 7-3. 
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Fig. 7-3 Measured secondary ion mass spectrometry in a proton implanted epitaxial wafer. 

 

In order to measure the photo current data, DC supplier each side of the TCC VCSEL 

independently. One side acts as laser with forward bias and the other side act as a photo-

detector with reverse bias 1V as shown in Fig. 7-1. We changed the forward current from 

threshold point to the saturation point of laser side consistently with a step of 0.1 mA-0.5 

mA, photo-current data of the other side was recorded from the other DC supplier which 

was connected to the photo-detector, the results of the photo-current data as a function of 

laser current is shown in Fig. 7-4.  

 

Fig. 7-4 Measured photo-current data of the TCC VCSEL. 
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Fig. 7-5   Shows L-I curve of the top emission of VCSEL side, while the other cavity is 

completely suppressed by reverse voltage bias 1V. This result is quite in good agreement 

with the photo-current data we obtained, while the threshold current is about 0.9 mA we 

could see a photo current data started from 1 mA. In other hand the VCSEL out-put power 

was saturated at around 9 mA, in the same condition the photo-current data was saturated 

in the same point as laser side. This is another evidence of strong electrical isolation be-

tween the cavities, while the optical coupling could be easily occurred. 

Fig. 7-6 shows the lateral coupled power as a function of laser current, from this fig the 

coupling efficiency of over 20% is expected. 

 

Fig. 7-6 Measured lateral coupling of the TCC VCSEL. 
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7.2 Future Prospect of the Lateral integration of VCSEL 

7.2.1 Lateral Coupling  

In order to further develop the lateral integration in VCSEL, we need to make some 

structure to increase the yield in lateral coupling, so far bow-tie shape showed quiet prom-

ising path for connection of dual VCSEL, this shape of connection is necessary for the 

push-pull scheme, but for other application we can change the structure shape to increase 

the yield of coupling. For instance in case of electro-absorption integrated with modulator 

we can simply increase the waveguide width in the modulator side, by engineering the size 

of oxide aperture, we are able to enhance the yield of lateral coupling. Fig 7-6 shows the 

top view of the fabricated device. Inset top and bottom in Fig.7.6. Illustrate oxide aperture 

shape and lasing condition, respectively. By this structure almost entire VCSELs on the 

epi-wafer structure showed lateral coupling evidence. Here the epi-wafer structure is al-

most same as chapter two while the number of top DBR pairs is 26pairs. 

 

 

 

 

 

 

Fig. 7-6 Measured photo-current data of the TCC VCSEL. 

 

The reason of making wider waveguide from VCSEL to modulator is shown in Fig. 7-7. 

 

 

 

 

Proton-Implantation Modulator VCSEL 
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Fig. 7-7 (top) Proposal of oxide aperture, and (bottom) cut off waveguide for different waveguide 

width. 

 

From Fig. 7-7 , we can easily say that from shorter waveguide to wider waveguides  cut 

off moves from far from cut off wavelength to near cut off this condition will increase the 

coupling, like Fig .7-7 (bottom) left to right, of course reverse situation makes lower cou-

pling. Fig. 7-8 show the coupling from the wider waveguide to shorter waveguide. 

 

Fig. 7-8 Lateral propagation of light from longer width of waveguide to shorter width of waveguide 
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However, in order to further improve the lateral coupling we need to suppress the top 

emission from the laser side. To this end, we can simply increase the number of pairs of 

top DBR to for example 40 pairs, then by reducing the number of pairs in the modulator 

side (using ICP RIE or wet etching process), we are able to suppress the top emission of 

laser side. This provides eventually higher out-put power in the modulator section. In the 

current fabricated device we are able to couple about 1 mW to the modulator side, while 

with the proposed way we can improve to beyond 1 mW. 

Also another alternative solution would be coating of dielectric mirror on the top of 

VCSEL side. 

7.2.2 Bandwidth Enhancement 

Based on the Lang- Kobayashi single-mode rate equation we defined the bandwidth en-

hancement 60% and 3 times larger to the comparison with conventional VCSEL, when the 

photon life time of conventional VCSEL was relatively high and small, respectively. 

The bandwidth enhancement in the calculation was mainly due to the increase of the 

modal gain and reduction of photon life time. At that calculation we simply ignored the 

detuning effect on the bandwidth enhancement. However, in the mathematics aspect we 

can simply show the potentially bandwidth can be boosted over 100 GHz. In the experi-

ment, we need to precisely control the phase of the feedback, this part would be a 

drawback for the practical application, but if we can handle the phase of the feedback by 

oxidation formation, then the phase would be automatically fixed at the appropriate phase 

we need. So far in chapter two, I have shown that experimentally phase can be locked in 

pie. If in the same way we can control the phase near enough to pie, not exactly pie, then 

bandwidth can be much more improved. 
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Fig. 7-9 Calculated small signal for VCSEL with lateral feedback, with and with-out detuning 

range. 

 

In Fig. 7-9, the parameter which is used is same as chapter 2, while the bandwidth 

of conventional VCSEL is limited to 11 GHz, we can reach 40 GHz, which is basically 

based on modal gain enrichment and photon life time reduction. In blue line the 

bandwidth could go beyond 60 GHz, this difference comes from detuning of the main 

and the sub modes in the transverse modes. This part can be easily understandable 

from the mutual injection locking case. 

 

3-dB Enhancement 
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8 Conclusion 

In conclusion, we have devoted our effort on the lateral integration of VCSEL in order to 

boost the modulation bandwidth of the conventional VCSEL. To this end, we studied cou-

pled cavity VCSEL case which two cavities are transversely coupled. The author showed a 

possibility of bandwidth enrichment of conventional VCSEL by exploiting the photon-

photon resonance effect. While this phenomenon was well established in DFB lasers, but 

for the first time experimentally author proved the potential of integration with VCSEL. 

The world’s fastest 980 nm VCSEL was achieved by exploiting the PPR effect. Although, 

the modulation speed was preliminary limited by the photo-detector limitation. In spite of 

the fact that, the 3-dB cut off frequency of over 29 GHz for the multi-mode TCC VCSEL 

could be observed. We also showed that by well designing of the shape of oxidation in 

TCC VCSEL, we can control the phase to be always in out-of-phase regime. As a result we 

could see 25 Gbps clear eye opening even at elevated temperature (0-60 ° C). By reducing 

the size of aperture of TCC VCSEL, some of the higher order modes could be suppressed. 

Thus we could get quasi-single mode operation with SMSR of 23 dB.  Draw back was that 

the bandwidth slightly reduced to 27 GHz. At the same time, a 36 Gbps clear eye opening 

with extinction ratio of 4 dB was attained. In order to realize a 40 Gbps modulation speed, 

we endeavoured to combine this upshot with others possible effects. For this matter, we 

synthesized this phenomenon with push-pull effect. We experimentally obtained 40 Gbps 

eye opening with mixed effects, while using only PPR effect eye was completely closed at 

this speed.  Low extinction ratio in this measurement was mostly due to the lack of electri-

cal amplifier to increase the modulation swing, while the total injected current was 20 mA 

for the combined cases, we could only apply voltage swing of 300 mV. Although, this 

problem can be easily solved by increase of voltage swing to 1 volt, but the current density 
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for realizing the speed beyond 40 Gbps would be too large. For this reason, we tried to 

combine the PPR effect with QCSE in electro-absorption modulator. Preliminary we 

reached at 25 Gbps eye opening with high extinction ratio, while the voltage swing was the 

lowest ever reported (<400 mVpp) and the size of device was also the smallest ever made 

(8 µm long).At the same time, we obtained 30 GHz small signal response for the com-

posed phenomena (PPR and QCS effects), while some un-known noises raised up after 12 

GHz, we could not reach higher bit rates at this experiment. In order to obtain the small 

signal noise free, further optimization of PPR effect is required. Finally we showed a pos-

sibility of spatial mode multiplexer/demultiplexer based on tapering of the hollow 

waveguide. The modelling results indicate that the cross talk between channels should be 

small enough to be used in practical application. At last in order to realize green optical 

interconnect going beyond 1 Tbps, we propose a composition of taper hollow waveguide 

with the TCC VCSELs as shown in Fig. 7-10.  

 

 

 Fig. 7-10 Proposal of VCSEL integration of TCC VCSEL with taper hollow waveguide. 
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