
 

 

 

Abstract— Conventional vertical-cavity surface-emitting lasers 

(VCSELs) structure generally incorporates 1 to 2 oxidation layers for 

electrical and optical confinement. Incorporating several oxidation 

layers (> 2) within the VCSEL's distributed Bragg reflector (DBR) 

structure is a small and simple to do change, but with big effect. 

VCSELs structure with multi-oxide layers (MOLs) are expected to 

demonstrate several advantages over conventional structures. This 

paper mainly discusses the MOL structure effect on frequency 

modulation bandwidth (f-3dB) and slightly touches on single-mode 

and thermal issues. Simulation results indicated ~68% improvement 

in f-3dB max, where conventional and MOL VCSELs exhibited f-3dB max 

values of 22GHz and 37GHz, respectively. In addition, MOL 

VCSELs maintain single-mode operation with a side mode 

suppression ratio of >32 dB. On the other hand, MOL structure 

demonstrated a degraded performance in terms of reduced thermal 

conductivity values of 0.084 W/cm-K compared to GaAs and AlAs. 
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I. INTRODUCTION 

NFRARED vertical-cavity surface-emitting lasers 

(VCSELs) have emerged as the reliable light sources of 

choice for several optoelectronic systems and applications due 

to their small size, planar fabrication of high-density two 

dimensional arrays, low power consumption, circular optical 

beam profile necessary for efficient beam coupling, high 

performance, and simple integration [1]–[3]. 

VCSELs with high frequency modulation bandwidth are 

significant components for high-data rate transmission 

applications. Addressing the current VCSEL's performance 

limiting factors will extend its potential applications into future 

high-power applications such as solid state or fiber laser 

pumping and free-space optical communication [4], high data 

rate transmission systems, supercomputer interfaces, and 

multi-channel computing systems [5]. 

Beside electrical parasitic circuit effects such as : parasitic 

top and bottom mirrors resistances and parasitic junction, 

oxide, and pad capacitances [6]–[10], and thermal effects due 

to self-heating [8], [10]–13], optical beam profile 

 
Electronic Engineering Department, Hijjawi Faculty for Engineering 

Technology, Yarmouk University, Irbid 21163, Jordan (e-mail: 

oahmad@yu.edu.jo). On sabbatical leave: Engineering Technology Program, 

Community College of Qatar, C-Ring, Doha, Qatar (e-mail: 

ahmad.alomari@ccq.edu.qa), Tel.: +97450019014. 

 

characteristics including multi-mode operation [10], [14], [15] 

can also limit the VCSEL's performance and thus limits the 

utilization of VCSELs in several potential applications such as 

high-speed laser printing and engraving, bar code scanning, 

and single-mode optical fiber data communication. 

Although the emitted output optical power can be increased 

by increasing the oxide aperture diameter (i.e. active area) of a 

VCSEL, this approach stimulates higher order modes where 

oxide aperture diameters of less than 4m are required for 

VCSELs to emit single transverse mode beams [16]. 

Additionally, increasing the device's oxide aperture diameter 

reduces the frequency modulation bandwidth that is inversely 

proportional to the square root of the effective volume [17]. 

Alternatively, decreasing the VCSEL's cavity volume which is 

expected to promote single transverse mode operation and 

high-speed performance impedes obtaining devices with high 

output optical power due to the reduced cavity volume size. 

Thus, realizing VCSELs with improved performance that 

promotes simultaneously high-speed operation with high 

output optical power is a challenging issue. 

Although several factors such as spatial hole-burning, current 

uniformity, gain-mode overlap, and optical loss of higher-

order modes may contribute to single-mode performance, the 

size of the oxide aperture diameter (active diameter) is 

considered one of the critical VCSEL fabrication parameters 

that can promote signal transverse mode operation. Thus, 

fabricating VCSELs with small oxide aperture diameters 

promote high-speed operation and single-mode performance. 

On the other hand, VCSELs with small oxide apertures exhibit 

few drawbacks such as the need for crucial alignments during 

the multi-steps fabrication process, large differential resistance 

(Rd), high thermal resistance (Rthermal), and high threshold 

current densities (Jth). Furthermore, small oxide aperture 

VCSELs tend to produce significant junction heating since the 

vertical cavity laser diodes modulation bandwidth and output 

optical power grow in proportion to (Ibias-Ith)
1/2

 and (Ibias-Ith), 

respectively, where the laser diode must be biased at a current 

(Ibias) several times the threshold current (Ith) in order to reach 

high performance. Thus, affecting the device reliability. 

Conventional VCSELs' structure generally incorporates one 

or two oxidation layers for electrical and optical confinement. 

A small and simple change in the metal–organic chemical 

vapor deposition (MOCVD) recipe results in integrating 

several oxidation layers within the VCSEL's DBRs, thus 
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affecting performance. This paper discusses the effect of 

utilizing multi-oxide layer structures on VCSEL's performance 

compared to conventional structure. Related measured data 

will be presented where applicable. 

II.  FABRICATION ISSUES 

One of the advantages of the presented MOL structure is 

that MOL devices can be fabricated using exactly the same 

fabrication process and steps sequence used to fabricate 

conventional structure VCSELs given that DBRs used are 

similar in terms of thicknesses and composition. VCSELs with 

MOL structures can be easily realized by modifying only the 

growth program during the MOCVD process or any other 

growth technique used.  

Typically conventional VCSEL's structure consists of an 

active region with several quantum wells (QWs) sandwiched 

between specific number of top and bottom AlxGa1-xAs/ 

AlyGa1-yAs DBRs, where x and y are the Al mole fractions. To 

form the oxide aperture, a low-index quarter wavelength layer 

buried inside the DBRs and adjacent to the optical cavity with 

high Al composition (Al0.98Ga0.02As) is utilized. Fig. 1 

illustrates the cross-sectional structure of a fabricated VCSEL  

 

 

 
                                             

Fig. 1 Cross-sectional structure of a fabricated VCSEL with 

conventional DBR structure. The inset illustrates an SEM photograph 

of the VCSEL's mesa showing one oxidation layer extends far inside 

the structure more than the other oxidized layers. 
 

with conventional DBR structure ready for testing. The inset 

illustrates a scanning electron microscope (SEM) photograph 

of the VCSEL's mesa showing one oxidation layer extends 

further inside the structure compared to the other oxidation 

layers.  

The MOL structure is similar to conventional structure 

except that the Al content in the layer adjacent to the cavity 

that is oxidized for optical and current confinement is reduced 

from 98% to values ranging from 90% up to 96% and increase 

the Al content in the AlyGa1-yAs layers from 84% to 90% up to 

96%. Thus, the confinement layer and overlying layers will 

have the same oxidation rate and hence length as they have the 

same Al content. Fig. 2 illustrates the cross-sectional structure 

of a fabricated VCSEL with MOL DBR structure ready for 

testing. The inset illustrates an SEM photograph of the 

VCSEL's mesa showing several oxidation layers extend almost 

equally inside the structure. The current confinement layer has 

the same role as the high Al content (98%) oxidation layer in 

conventional oxide VCSELs. Higher-order mode suppression 

layers are formed above the current confinement layer. While 

the scattering loss of the fundamental mode can be suppressed 

to the same level of a conventional VCSEL, these layers give a 

larger scattering loss and suppress higher- 

 

 

 
 

Fig. 2 Cross-sectional structure of a fabricated VCSEL with MOL 

DBR structure. The inset illustrates an SEM photograph of the 

VCSEL's mesa showing several oxidation layers extend almost 

equally inside the structure 
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order transverse modes compared to conventional VCSELs. 

Thus, the mode suppression layers serve as a spatial filter [15], 

[16].  

III. BANDWIDTH AND PARASITIC CAPACITANCE ISSUES  

Since one of the bandwidth limiting factors that keeps the 

current devices from reaching their estimated intrinsic 

response limit is electrical parasitic circuit elements, it is 

appropriate to present an equivalent circuit model for both 

conventional and MOL structure VCSELs as shown in Fig. 1 

and Fig. 2. 

The equivalent circuit consists of the parasitic circuit 

elements associated with the physical features of the VCSEL's 

structure that hinder the modulated signal from reaching the 

VCSEL's junction (i.e. active region) at high modulation 

frequencies and thus limiting its frequency modulation 

bandwidth. The presented equivalent circuit model permits the 

individual investigation of the relative effect of each parasitic 

parameter on the VCSEL's characteristics. As illustrated in 

Fig. 1 and Fig. 2 the equivalent circuit model for both 

conventional and MOL structure VCSELs included the 

following elements: Rp represents the polyimide dielectric 

losses, Cp denotes the pad capacitance between the metal pad 

on the polyimide and the bottom mirror stack, Rsh characterizes 

the resistance of the dielectric material at low frequency due to 

pad capacitor leakage current, which is usually on the order of 

multi-giga ohms, Rtop and Rbottom correspond to the upper and 

lower DBR resistances including the top and bottom contacts 

resistance, respectively, a parallel combination of a 

capacitance Cj and a resistance Rd represents the active region 

junction capacitance and differential resistance, Cjo and Cm 

represent the mesa region with single oxidized layer while only 

Cm exists for MOL VCSEL structure as illustrated in Fig. 1 

and Fig.2. 

As a case study the device structure and some of the results 

reported in [18] will be utilized. Using conventional DBR 

structure, 5m height top-emitting, high-speed, 850 nm 

VCSELs were fabricated and characterized. Devices with 10 

m oxide aperture and 31 m mesa diameter exhibited a 

maximum measured -3dB modulation bandwidth of 15.3GHz 

and an estimated parasitic limited -3dB modulation bandwidth 

of 21.5GHz [18]. The parasitic capacitances Cp, Cj, Cjo, and 

Cm shown in Fig. 1 were estimated based on geometrical 

considerations and materials characteristics. Values for the 

parasitic resistances Rp, Rtop+Rbottom, and Rd were extracted 

based on measured data  

To investigate the MOL structure effect on the VCSEL's 

modulation performance, the VCSEL equivalent circuit model 

driven from a source with an output resistance of Rsource = 50Ω 

as illustrated in Fig. 3 was simulated using PSpice. As for the 

circuit model elements, values used were Cp = 69fF, Cj = 53fF, 

Cm = 6fF, Rp = 10Ω, Rtop+Rbottom = 42Ω, and Rd = 50Ω. During 

simulation, all circuit elements (capacitances and resistances) 

values were fixed except Cjo value was varied. This variation 

corresponds to change in oxidation layers number. Assuming 

that Cjo can be treated as a parallel plate capacitor, then its 

capacitance can be estimated using dAC jorojo  . Where 

o is the free space permittivity (8.85x10
-14

 F/cm), Ajo is the 

area, d is the thickness, r is the Aluminum oxide (Al2O3) 

dielectric constant at low frequency (~9). Thus, as the number 

of oxidation layers increase, d will increase and as a result Cjo 

values will decrease and vice versa.  Fig.4 exhibits the 

simulated maximum possible small signal modulation response 

for VCSELs with conventional and MOL structures. As shown 

in Fig.4, results indicated that about 68% improvement in the 

maximum -3dB modulation frequency, where conventional 

VCSELs exhibited an f-3dB max value of 22GHz while MOL 

VCSELs exhibited an f-3dB max value of 37GHz. Simulated 

small signal modulation response as a function of Cjo (i.e. 

various Cjo values corresponds to different number of oxide 

layers) is illustrated in Fig. 5. Where results clearly indicate 

that reducing Cjo by increasing the number of oxidation layers 

will increase the f-3dB.  
 

 
Fig.3 Simplified VCSEL equivalent circuit model driven from a 

source with an output resistance of Rsource = 50Ω. 

 

 
Fig.4 Simulated maximum possible small signal modulation response 

for VCSELs with conventional and MOL structures 

IV. SINGLE-MODE AND THERMAL ISSUES 

As mentioned earlier, multi-mode operation can also limit 

the VCSEL's performance and thus limits the utilization of 

VCSELs in several potential applications. The presented MOL 

structure not only reduces the parasitic capacitance and thus 

improves the f-3dB max, but also helps in suppressing higher-

order mode. While the scattering loss of a fundamental mode 
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can be suppressed to the same level of a conventional VCSEL, 

these layers (oxidation layers) give a larger scattering loss and 

suppress higher-order transverse modes compared to 

conventional VCSELs. Thus, the MOL structure serves as a 

spatial filter. In previously reported results [15], the inclusion 

of 17 oxidation layers in 8 m oxide aperture diameter 

VCSELs helped maintain single-mode operation with a side 

mode suppression ratio (SMSR) of more than 32 dB at driving 

bias currents up to 20 times threshold current.  
 

 
Fig. 5 Simulated small signal modulation response as a function of 

Cjo (i.e. different number of oxide layers) 
 

Using the typical value for optical mode shift ∂λ/ ∂T ≈ 

0.07nm/C in GaAs-based VCSELs, the thermal resistance 

(Rth) is typically determined by measuring the wavelength () 

dependence of the laser spectra as a function of the electrical 

input power (Pin).  MOL VCSELs with 8 m active diameter 

reported in [15] exhibited a measured Rth of ~6C/mW. To put 

this result into context and compare with conventional 

VCSELs, the analytical estimation Rthermal = 1/2d was used to 

evaluate the VCSEL's structure thermal conductivity (), 

where d is the VCSEL oxide aperture diameter. Calculations 

resulted in a very low thermal conductivity value of 0.084 

W/cm-K, which is very low compared to the thermal 

conductivity of GaAs  0.45 W/cm.K), Al0.1Ga0.9As 0.2 

W/cm.K), Al0.9Ga0.1As  0.25 W/cm.K), and AlAs  0.9 

W/cm.K). It is believed that this degradation in the estimated 

thermal conductivity is due to the very low oxidation layers 

thermal conductivity value of0.007 W/cm.K and poor heat 

sinking as a result of using polyimide for mesa wrapping, 

which has a very low thermal conductivity of 0.002W/cm. C 

[2]. It is believed that with improved heat sinking such as 

using plated Copper [2] and optimized multiple oxide layer 

[15], [16] structure should increase the MOL structure thermal 

conductivity and thus improve the device's reliability  

V. CONCLUSION 

The MOL structure expected effect on VCSEL's 

performance was presented. PSpice simulation results 

indicated ~68% improvement in f-3dB max, where conventional 

and MOL VCSELs exhibited f-3dB max values of 22GHz and 

37GHz, respectively. Also simulations indicated that reducing 

Cjo by increasing the number of oxidation layers will increase 

the f-3dB. Furthermore, MOL VCSELs maintain single mode 

operation with a SMSR > 32 dB at high bias currents. On the 

other hand, MOL structure demonstrated a degraded 

performance in terms reduced  of 0.084 W/cm-K compared to 

GaAs and AlAs. It is believed that with improved heat sinking 

such as using plated metal (Cu or Au) and optimized multiple 

oxide layer structure the MOL structure should increase and 

thus improve the device's reliability. 
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