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Oxide-confined vertical-cavity surface-emitting laser (VCSEL) emerged 

as a very attractive light source due to its optical mode-confinement, simultaneous 

current-confinement, and the resulting low threshold. However, oxide-

confinement has serious drawbacks due to the reliability issue and the strain 

problem among others. In this dissertation, a new all-epitaxial VCSEL with all-

semiconductor structure and simultaneous mode- and current-confinement is 

introduced and aims at attacking the oxide-confined VCSEL limitations. The 

benefits of the new technology include high performance, reliability, uniformity 

and the capacity for intracavity patterning. 

VCSEL performance is mainly determined by how effectively photons 

and carriers are confined. A lithographically defined intracavity phase-shifting 

mesa is used for mode confinement. Mesa height and placement in the cavity are 

carefully considered to achieve excellent optical loss control including both the 

 vi



diffraction loss and the scattering loss. A specially designed VCSEL 

incorporating the intracavity phase-shifting mesa successfully demonstrates 

mode-confinement. Selective interfacial Fermi-level pinning is used for current-

confinement. Regrowth on oxidized AlGaAs off the intracavity mesa results in 

Fermi-level pinning at the interface and a valance band barrier for holes, 

providing current blocking. 

 Regrowth on oxidized AlGaAs is challenging. Factors considered for 

surface protection and controlling regrowth surface roughness are: (a) sacrificial 

layers, (b) the Al ratio in the AlGaAs to be regrown on, and (c) the regrowth 

temperature. An all-epitaxial mode- and current-confined GaAs-based VCSEL is 

fabricated and device performance is discussed. 

The ability to incorporate the intracavity patterns for perfect gain/mode 

matching and optical mode engineering in the all-epitaxial mode- and current-

confined VCSEL could greatly improve the lasing threshold and mode control. 

An all-epitaxial VCSEL incorporating the intracavity circular gratings is 

presented and the device performance is compared to a single intracavity mesa 

VCSEL fabricated on the same wafer. 
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Chapter 1 

Introduction 

1.1 Historical perspective of VCSELs 

Vertical-cavity surface-emitting lasers (VCSELs) were invented at the 

Tokyo Institute of Technology in 1978 [1]. After an extended period of research 

and development by Iga [2], VCSELs became the subject of much research during 

late 1980s [3, 4]. Generally, the VCSEL is composed of an optical cavity with 

thin active layers at the antinodes of the electric field, sandwiched by two 

cladding distributed Bragg reflector (DBR) mirrors with very high reflectivity, 

usually exceeding 99%. The advantageous features of VCSELs include surface 

emission, ease of array fabrication, on-wafer testability, facet formation by means 

of epitaxy, single longitudinal mode, reduced temperature sensitivity, low 

threshold, and unusual output beam characteristics. 

The application of VCSELs that is most heavily pursued is their use in 

parallel fiber-optic data communications. Optical interconnects are a new area 

where VCSELs can be of great advantage. VCSEL arrays make an ideal light 

source for free-space parallel processing, since they can easily be fabricated into 

two-dimensional arrays of individually addressed lasers that emit low divergent 

columns of light normal to the array surface. The small size of VCSELs is also 
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ideal for operation in the quantum regime, which is needed for quantum 

cryptography and quantum computing. 

A primary concern in VCSEL device fabrication is the requirement of 

transverse confinement of photons and charge carriers within the VCSEL cavity. 

The earliest VCSEL demonstration (Figure 1.1(a)) had poor lateral carrier 

confinement, resulting in the loss of injection current. The lateral optical 

confinement was also poor, which resulted in poor efficiency. In that 

demonstration, dielectric/metal mirrors were used to form the optical cavity 

instead of semiconductor DBR mirrors. Therefore the cavity Q was low, and thick 

bulk gain regions were required in order to achieve lasing. The lasing threshold 

current density reached high as 44 kA/cm2 [2]. 

A performance improvement in the late 80s and early 90s was made 

possible by the inclusion of epitaxial mirrors [5]. Epitaxial mirrors give high 

reflectivity, which allows for a quantum well active region and low threshold. The 

first demonstration of monolithic VCSEL diodes was etched air-post lasers, 

shown in Figure 1.1(b). Anisotropic etching is used to form a deep pillar in the 

top DBR, stopping just above the active region to avoid non-radiative surface 

recombination of carriers. Carriers are injected from the top contact through the 

top DBR. This structure provides lateral optical diffraction loss control due to the 

lateral index of refraction step in the etched portion of the cavity. However, the 
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optical scattering loss due to the roughness of the etched-pillar sidewall is a major 

problem, particularly for small diameter mesas. 

Figure 1.1(c) shows a proton-implanted gain-guided VCSEL structure. 

Compared to other types of VCSELs, the device is planar and very simple to 

manufacture The implantation creates defects in the crystal, rendering the 

semiconductor semi-insulating. This provides effective current confinement. The 

device also shows high reliability due to an all-epitaxial design. Contact resistance 

is low, as is the thermal impedance. The main drawback to the proton-implanted 

structure is the lack of deliberate lateral index guiding. The optical modes are 

unstable due to the thermal lensing [6]. High optical loss from the lack of index 

guiding also yields a high threshold and low efficiency. Lateral leakage current is 

also problematic, increasing the threshold current due to the localized implant. 

A major improvement in VCSEL performance is achieved by the use of a 

thin oxide aperture buried inside an epitaxial structure, as shown in Figure 1.1(d) 

[7]. The high Al content AlGaAs layers are converted to a stable and dense oxide 

through a wet oxidation process at approximately 450C. The oxide aperture 

provides an index guiding structure to confine the optical mode. This results from 

the lower refractive index (~1.6) of the oxide, compared to that of the 

semiconductor (~3.0). The current is also confined within the aperture, because 

oxide is an insulator. Threshold currents below 10 µA [8], wall-plug efficiencies 
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 Figure 1.1 Schematics of different generations of 
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higher than 50% [9, 10], and modulation speeds faster than 16 GHz [11] are a few 

of the achievements made possible using an oxide-confined VCSEL. 

 

1.2  Need for all-epitaxial mode- and current-confined VCSEL 

Unfortunately, oxide-confined VCSELs are far from being perfect. Oxide 

induced internal device strain degrades reliability. Oxide formation is a diffusion 

process, which depends strongly on the Al content in the AlGaAs, carrier gas flow 

and composition, water vapor content, and the oxidation furnace temperature. 

This results in poor scalability and uniformity. The oxidation process also 

depends heavily on the crystallography, and on the aperture geometry and size, 

which makes lateral patterning difficult. The device has poor transverse mode 

discrimination and poor overlap between the gain and optical modes, causing 

spatial hole burning and increasing the threshold current density. Furthermore, 

due to the thermal mismatch between the oxide and device, post-oxidation 

processes can lead to internal damage. A new generation of VCSELs is needed to 

solve these problems, requiring the utilization of sophisticated CAD tools to 

engineer devices with superior performance in terms of scalability, uniformity, 

reliability, manufacturability, and controllability. 

There have been reports that shallow mesas used in conjunction with non-

epitaxial mirrors, and either implantation or tunnel junctions can achieve current-

confinement [12-14]. However, the tunnel junction/mesa approach yields an 
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undesirable mesa step and an additional voltage drop when used in GaAs-based 

VCSELs, while dielectric mirrors generally introduce material strain, complicate 

device fabrication, and degrade reliability. Therefore, there has previously not 

been an effective means demonstrated to reproducibly fabricate an all-epitaxial 

GaAs-based VCSEL that simultaneously obtains both current-confinement and 

mode-confinement in order to eliminate thermal lensing effects and achieve a low 

threshold. 

In this dissertation, a new lithographically defined self-aligned mode- and 

current-confined GaAs-based VCSEL is demonstrated. A device schematic is 

shown in Figure 1.2. A carefully designed intracavity phase-shifting mesa is used 

for mode-confinement, and selective interfacial Fermi-level pinning is used for 

current confinement. The all-epitaxial device gives high reliability and enables 

high-temperature post growth processing. Lithographically defining the mesa will 

potentially yield excellent scaling, uniformity, and intracavity patterning. Various 

kinds of intracavity mesas can be lithographically defined for polarization control, 

gain/mode matching, optical mode engineering, or photonic crystal fabrication. 

Ultra dense, highly uniform, and highly reliable arrays can be fabricated, using 

this new technology, for high speed interconnects. The fabrication cost would be 

ultra low because it is highly reproducible with high yield. Finally, this 

technology can revolutionize photonics by enabling controlled epitaxy for single 

QD devices. 
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Figure 1.2 Schematics of all-epitaxial mode- and 

current-confined GaAs-based VCSELs  

 

1.3 Dissertation outline 

After the Chapter 1, the designing principles of the all-epitaxial mode- and 

current-confined VCSELs are discussed in Chapter 2. Mode confinement relies on 

the intracavity phase-shifting mesa. Mesa height and placement in the cavity need 
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to be carefully considered for simultaneous control of both the diffraction loss and 

scattering loss. A specially designed VCSEL is used to show mode confinement 

from the intracavity mesa. Current confinement is challenging in all-epitaxial 

intracavity mesa-confined VCSELs. Two current-confining schemes, including 

the buried tunnel junction and selective interfacial Fermi-level pinning, are 

discussed. Both schemes are used in VCSEL devices to test the current 

confinement capacity and subsequent problems caused by the specific current 

blocking structure. The results of the testing are discussed and selective interface 

Fermi-level pinning is preferred for the current confinement. 

In Chapter 3, both epitaxial and fabrication considerations are discussed. 

Surface protection is critical for MBE regrowth, and includes the protection of the 

regrowth interface and the prevention of organic contamination. Also, the 

regrowth on AlGaAs could yield an irregular regrowth surface morphology and 

rough surface. Contributing factors are discussed, as well as techniques for 

achieving smooth single crystal growth. VCSEL results are presented at the end 

of the chapter. The VCSELs are designed according to the design principles in 

Chapter 2, and the epitaxial and fabrication concerns discussed earlier in the 

Chapter 3 are also been considered. 

The intracavity patterning technique is presented in Chapter 4. This 

technique could improve the gain/mode matching, thus increasing device 

performance. Various optical characteristics can be achieved through different 
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kinds of intracavity patterns. A VCSEL incorporating intracavity circular gratings 

is fabricated and shows improved efficiency. 

Chapter 5 summarizes the whole dissertation. 
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Chapter 2 

Design Principles of All-Epitaxial Mode- and 
Current-Confined GaAs-Based VCSELs 

2.1 Introduction 

Mode- and current-confinement are the basis for high-performance 

VCSELs. In this chapter, these two aspects of all-epitaxial mode- and current-

confined GaAs VCSELs are presented. A thin intracavity phase-shifting mesa is 

used for mode-confinement. Confinement mechanisms and design criteria will be 

discussed. An intracavity phase-shifting mesa is fabricated in the VCSEL to test 

the mode-confinement. Two current-confinement schemes, buried tunnel junction 

and selective interfacial Fermi-level pinning, are the topics for the remainder of 

the chapter. 

 

2.2 Optical mode confinement 

2.2.1 Intracavity phase-shifting mesa for optical loss control 

A lithographically defined intracavity phase-shifting mesa can provide 

excellent optical mode confinement for the VCSEL device. The vertical 

resonance shift between on and off mesa regions, due to the mesa step, provides 

diffraction loss control. By carefully determining the mesa height and placement 

in the optical cavity, we can control the scattering loss between the regions on and 
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off the mesa. The VCSEL contains no internal oxide to eliminate strain and 

provides controlled scaling of the mode-confinement to a small area, while 

providing low optical loss. This approach is ideal for introducing intracavity 

patterning to control polarization, to introduce two-dimensional gratings for better 

gain/mode matching or to include photonic crystals. We will also show why a 

simple effective index model fails when designing mode confinement for 

VCSELs, and present the necessary design parameters to obtain both small 

diffraction and scattering losses for various cavity structures. 

A schematic illustration of a VCSEL incorporating an intracavity mesa is 

presented in Figure 1.2 in Chapter 1. The intracavity phase-shifting layer is placed 

in a fully epitaxial cavity. The phase-shifting layer eliminates the need for oxide 

to achieve mode confinement. We find that both the placement and height of the 

phase-shifting mesa, shown in region “0”, Figure 1.2, must be carefully designed 

to achieve low optical loss. We note that an effective index model considers only 

the shift in the vertical resonance between regions “0” and “1”, and is not very 

useful for high quality VCSEL design, due to the importance of optical loss. 

Therefore, this dissertation also presents the parameters needed for high quality 

cavity design in a VCSEL and explains their importance. This approach is 

contrasted with the effective index model detailed elsewhere. 
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L∆ in Figure 2.1. The cavity between the mirrors is divided into two regions: 

region “0” with / 2r W<  for the lasing region where the lasing eigenmode exists, 

and region “1”space with / 2r W>  for confining the optical mode. The optical 

mode size  can differ from the mesa size W . 
0W

Considering the reflections from the mirrors, standing wave interference 

patterns are formed in the direction normal to the mirrors. These standing wave 

patterns will only allow certain discrete values of the z component in the wave 

vector in regions “0” and “1”. These vertical wave vectors are given by  

 ,0 /z zk m Lπ ε=  (2.1) 

in region “0”, and  

 ,1 / 'z zk m Lπ ε=  (2.2) 

in region “1”, where can be either zero or a positive integer, i.e.  zm 0,1,2...zm =

From Maxwell’s equations, we have  

 20
zk k k

c ρ
2ω

= = +  (2.3) 

where kρ is the wave vector in the lateral plane. Considering the cylindrical 

coordinates, we assume that the field profile will take the form of a Bessel 

function in the intracavity mesa region. Given that the frequency remains the 

same for both regions “0” and “1,” the relation between the field frequency and 

the wavelength in regions “0” and “1” is represented by 
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values. This imaginary wave vector in region “1” gives a decaying wave outside 

the device aperture and controls the lateral diffraction loss. The lasing mode is 

confined in the intracavity phase-shifting mesa region. This kind of mode 

confinement mechanism should only work for a range of optical mode size given 

by 

0W

 
,0

3.40

z

LW
k L

≥
∆

 (2.5) 

Any mode size smaller than minimum mode size will result in the loss of mode 

confinement. 

While the phase-shift effectively eliminates diffraction loss in the 

otherwise planar cavity, it does so at a penalty of introducing scattering loss due 

to the nonorthogonality of the longitudinal modes between regions “0” and “1.” 

This scattering is characterized by the normalized overlap of the longitudinal 
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resonant field  in cavity region “0” with the longitudinal resonant field 

 in cavity region “1,” given by 

0 ( )E z

1( )E z

 

2
*
1 02

* *
1 1 0 0

( ) ( )

( ) ( ) ( ) ( )

dzE z E z
C

dzE z E z dzE z E z
= ∫
∫ ∫

 (2.6) 

where 2 1C ≤ . When the phase-shifting mesa height goes to zero, 2 1C =  and 

scattering is eliminated at a penalty of increasing diffraction loss due to a 

decreasing lateral mode size. Oxide-confined VCSELs are unique in that 2C  can 

be near unity due to a nearly perfect overlap in the longitudinal fields between the 

unoxidized and oxidized regions. This effectively eliminates both diffraction and 

scattering losses relative to transmission loss through the mirrors. In order to 

achieve the same effect in an all-epitaxial VCSEL, the phase-shifting layer in 

Figure 1.2 must minimally disrupt the longitudinal field profiles between regions 

“0” and “1.” 

It is clear that this all-epitaxial approach can produce mode-confinement 

similarly to the oxide-confined VCSEL. Equations (2.4) and (2.6) provide a direct 

comparison between oxide-confinement and the all-epitaxial design based on a 

phase-shifting mesa. Both the oxide-confinement and the all-epitaxial designs 

depend on the precise placement of the oxide or phase-shifting mesa, as well as 

the oxide-thickness or mesa height, respectively. However, both Equations (2.4) 

and (2.6) present some surprises over conventional thinking about oxide-aperture 
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loss [19,20]. Given the same mode confinement, the lowest optical loss for both 

the oxide and the phase-shifting mesa occurs when they are placed at the antinode 

in the cavity. This placement allows the use of much thinner layers to obtain the 

same mode confinement, and the thinner layers cause less disruption in the 

longitudinal resonant fields between regions “0” and “1” ( 2C  becomes closer to 

unity). However, very thin oxide layers are difficult to fabricate, and oxide 

thicknesses of 100 Å or more provide more than sufficient mode confinement 

even when placed at the nodes. 

For a direct comparison, a 980 nm oxide-confined VCSEL based on 

AlAs/GaAs reflectors, with a 463 Å oxide layer placed at the first node of the 

upper mirror results in a 40 Å resonance shift, yielding a minimum optical mode 

size from Equation (2.5) of 2.5 µm, with a scattering parameter from Equation 

(2.6) of 2 0.990C = . To obtain the same mode confinement with the all-epitaxial 

approach, the phase-shifting mesa is placed at the first node of the upper mirror 

and has a height of 66 Å to create a 40 Å resonance shift and a scattering 

parameter of 2 0.994C = . Therefore, the all-epitaxial approach based on the 

phase-shifting mesa outperforms the oxide-confined VCSEL for low loss mode 

confinement. 

Unfortunately, we still do not know how to calculate the total optical 

losses including both the diffraction loss and scattering loss for certain laser

 17



 
Figure 2.2 Scattering loss dependence on (a) mode 

shift; (b) mirror contrast; (c) mesa step height  
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structures. However during the design of the laser structure, we can fix the mode 

shift for the diffraction loss control, and then aim for the best control of scattering 

loss. Calculations show that different mode shift, mirror contrast, and intracavity 

mesa placement and thickness can lead to different scattering losses. Calculations 

are based on a VCSEL with a full-wave GaAs cavity at 980 nm and AlAs/GaAs 

epi-mirrors. Figure 2.2(a) shows that for the same mode shift using oxide-

confinement, placing the oxide at theantinodes gives less scattering loss than 

placing oxide at the nodes. It also shows that for the intracavity mesa, the larger 

mode shift results in more scattering loss. The remaining three figures concern the 

intracavity mesa confined VCSELs. Figure 2.2(b) that shows the higher contrast 
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mirror reduces scattering loss, given mode shift is fixed. Figure 2.2(c) shows the 

increase in scattering loss as the intracavity mesa step height increases. Figure 

2.2(d) suggests that the mesa should be placed closer to the cavity in order to 

reduce the optical loss. 

 

2.2.2 Device fabrication for demonstration of mode confinement in 

all-epitaxial VCSELs 

Effective optical mode-confinement is essential for a high-performance 

all-epitaxial VCSEL. A specially designed VCSEL (Figure 2.3) is developed to 

illustrate mode-confinement using intracavity phase-shifting mesas. In this 

structure, current is not confined exclusively to the intracavity mesa region. It 

flows uniformly through a current confining aperture that contains both the 

intracavity mesa region “0” and the off-mesa region “1.” Although additional 

electrical confinement may be implemented to confine the current solely to the 

phase-shifting mesa, in this study current is passed through the region outside the 

phase-shifting mesa and within the current aperture to elucidate the optical 

confinement. The back-biased p-n junction effectively blocks the current outside 

the aperture. We placed the intracavity phase-shifting mesa on the first node in the 

top DBR in order to reduce optical absorption in the regrowth interface. The total 

thickness of the mesa is 125 Å, consisting of a GaAs layer of 75 Å on top of an 

Al0.7Ga0.3As layer of 50 Å. 
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Figure 2.3 (a) A schematic illustration of the all-
epitaxial VCSEL that uses an intracavity 
phase-shifting mesa; (b) A photograph 
looking down at the surface of such a 
VCSEL, containing a 7-µm-diam phase-
shifting mesa region, and a 15-µm-diam 
electrical confinement region 
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Figure 2.3(b) shows an optical photograph looking down at the surface of 

an all-epitaxial VCSEL that contains a phase-shifting intracavity mesa and current 

aperture, as shown in Figure 2.3(a). The all-epitaxial device requires a two-step 

MBE growth. The device starts with a lower n-type AlAs/GaAs reflector with 

26.5 pairs, and a one-wavelength thick Al0.05Ga0.95As cavity spacer with three 

GaAs/InGaAs quantum wells placed at its center. The first crystal growth stops 

after the Al0.7Ga0.3As/GaAs sacrificial layers are grown on top of the intracavity 

mesa layers. Sacrificial layers are used to protect the device from being 

contaminated by photoresist. 

The phase-shifting mesa is 7 µm in diameter and cannot be seen in the 

optical photograph of Figure 2.3(b). The phase-shifting mesa is placed within a 

current confining aperture of 15 µm in diameter. A boundary exists between the 

phase-shifting mesa and the current confining aperture to limit scattering in the 

lasing mode. MBE regrowth starts from the node in region “0” and a little off the 

node in region “1.” All of the regrowths are on the GaAs interface, except for a 

thin 70% AlGaAs layer exposed at the edge of the mesas. Due to the 

unavailability of the carbon-doping at the time of fabrication, an upper 24 pair 

Al0.7Ga0.3As/GaAs reflector is doped p-type with Beryllium at a growth 

temperature of 470 °C. A ring contact with an inner diameter of 30 µm and an 

outer diameter of 60 µm is co-centered with the device aperture on top of the 

upper DBR. 
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Figure 2.4 Reflectivity simulation of the all-

epitaxial mode-confined VCSEL  
 

Device cavity resonance is designed to be at 980 nm. The 125 Å 

intracavity mesa results in a 7.1 nm vertical resonance shift between the regions 

on and off the mesa. The resonance from the current blocking area is at 959 nm. A 

plot of simulated reflectivity is given in Figure 2.4. 

 

2.2.3 Device characteristics 

Figure 2.5 shows the I-V characteristics of the device. Current injection 

through the 15 µm aperture has a turn-on threshold voltage of 1.25 V, while a 
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100 µm mesa in the back-biased p-n junction current blocking area has a turn-on 

voltage of greater than 7 V with a similar I-V slope. This shows that the current is 

effectively confined to the injection aperture. We also compared the current 

injection through the intracavity phase-shifting mesa region and the ring mode-

confining region and found that these two regions have similar I-V characteristics, 

meaning current is injected uniformly through the entire aperture. This data is not 

shown in this dissertation. 
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 Figure 2.5 Current-voltage curve inside and 
outside the current aperture. 
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ure 2.6 Light vs current characteristics
measured for the 15-µm-diam VCSEL of
Figure 2.4(b). The threshold current density
is only 736 A/cm2, and lasing occurs in the
7-µm-diam mode confining mesa region.
The slope efficiency is low because of
current spreading and a nonoptimized upper
DBR.
-wave light versus current curve is shown in Figure 2.6. 

oom temperature with a threshold current of 1.3 mA, 

shold current density of only 736 A/cm2 assuming uniform 

 total 15-µm-diameter region. This low threshold current 

en with a nonoptimized upper Al0.7Ga0.3As/GaAs mirror 

f Be p-doping. The device has an almost linear L-I curve, 

m efficiency of 10.8%. 
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The spectral emission both below and above threshold is shown in Figure 

2.7. The correlation between the emission peaks and emitting area were 

determined from the spectral separation comparison between the simulation and 

experimental data. Despite the current injection into the entire 15-µm-diameter 

region, only the 7 µm mesa region reaches threshold at 1.3 mA. Assuming 

uniform current injection in the 15 µm region, the threshold current of the 7 µm 

mesa region is 283 µA, which is consistent with an oxide-confined VCSEL of 

similar size [7,21] 

Figure 2.7(a) shows the below threshold emission from both the 7 µm 

mesa region and the region bound by the 15-µm-diameter current aperture. The 

transverse modes of the 7 µm phase-shifting mesa are clearly observed starting at 

972 nm with 1 nm mode spacing. Emission from the outer region bound by the 

15-µm-diameter current aperture and the 7-µm-diameter phase-shifting mesa can 

also be observed. This emission starts at 965 nm and is blue-shifted with respect 

to that of the 7-µm-diameter phase-shifting mesa. As shown in Figure 2.7(b), 

lasing in the 7 µm mesa region is multimode, as with an oxide-confined VCSEL, 

due to the low optical loss for higher order modes. Lasing occurs over the 

wavelength range of 969–972 nm, and this entire spectral range lases due to a 

slight blue-shifted detuning of the gain away from the lowest order mesa mode. 

At 5 mA lasing also occurs in the outer ring between the 7 µm mesa and 15 µm 

current aperture (not shown). 
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Figure 2.7 Spectral emission both (a) just below 
threshold at a current density of 566 A/cm2, 
and just above threshold at a current density 
of 1.13 kA/cm2. The spectral modes 
observed at wavelengths longer than 965 nm 
are due to the 7 µm mesa of Figure 2.3(b), or 
region “0” in Figure 2.3(a). 
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In summary, we demonstrated mode-confinement from the intracavity 

phase-shifting mesa with a specially designed all-epitaxial VCSEL. The device 

has uniform current injection both on and off the mesa for determination of mode 

confinement. This device also has an outer current blocking area. However, 

additional techniques can be used to confine the current exclusively to the 

intracavity mesa region. The proofs for mode-confinement include spectral 

characteristics in both sub-threshold and above threshold operation, the low lasing 

threshold current density and the linear L-I curves. We also show the important 

design parameters for achieving low optical loss and implement an all-epitaxial 

VCSEL design to demonstrate this. 

 

2.3 Current confinement 

While mode confinement is crucial for a high performance VCSEL, the 

current confinement is also inseparable in the all-epitaxial intracavity mesa 

confined VCSEL. A weak current confinement will increase the lasing threshold 

and the efficiency. It will also inject more heat into the active region, causing 

unwanted device heating and deteriorated performance. 

Current confinement in the all-epitaxial VCSEL is even more important. 

For many devices, the current is injected into an active region approximately 

 28



10 µm in diameter, while the device isolation mesa is approximately 100 µm. For 

high performance devices, we can assume that over 90% of the current is injected 

into the active area, i.e. the 10 µm aperture. This requires the resistance per unit 

area in the current blocking region to be 1000 times higher than that throughout 

the mesa. For all-epitaxial VCSELs, the oxide, which is a very good insulator, is 

removed due to reliability and strain issues. Thus we only have a thin mesa to 

work with for the confinement. Various kinds of current blocking schemes have 

been researched, such as implantation and tunnel junction. The author has also 

done some research for current confinement in the all-epitaxial VCSEL, mainly 

buried tunnel junction and selective interface Fermi-level pinning. In short, the 

buried tunnel junction scheme requires an undesirable mesa step and additional 

voltage drop, making it a poor candidate for current confinement in all-epitaxial 

VCSELs. On the other hand, selective interface Fermi-level pinning provides 

excellent current confinement, together with a flexible step height. It is a very 

promising technique. 

 

2.3.1 Buried tunnel junction for current confinement 

Tunnel junction basics 

Some work has been done on utilizing a tunnel junction as an intracavity 

phase-shifting mesa for current confinement. For device active regions 

(intracavity mesa area), a thin tunnel junction is left intact as a current conduction 
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path between the moderately n-type doped DBR on top and the moderately p-type 

doped DBR underneath. For the current blocking region, the tunnel junction is 

removed, forming a thick back-biased p-n junction blocking current. 

 
 
 
 
 
 
 

Figure 2.8 Energy-band diagram of a tunnel 
diode at thermal equilibrium. Vp and Vn are 
the degeneracies on the p-side and n-side, 
respectively (from Sze’s Physics of 
Semiconductor Devices). 

 
A tunneling junction [22] consists of a simple p-n junction, in which both 

the p and n layer are very heavily doped. A schematic energy diagram of a tunnel 

junction is shown in Figure 2.8. The heavy doping causes Fermi level to locate 

within the energy band, resulting a degeneracy, Vp & Vn, of a few kT. Under 

negative bias, electrons in the valance band have a higher energy than some of the 

empty electron energy states. Given that the depletion width is very small and that 
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GaAs is a direct bandgap material, the electrons in GaAs can tunnel from the 

valance band states through the thin depletion region to the conduction band states, 

conserving the total momentum. In our application, the tunnel junction can be 

sandwiched between p and n DBR layers for carrier conversion from electrons to 

holes in the upper DBR. The depletion region of the tunnel junction is much 

narrower than in a conventional p-n junction, on the order of 100 Å or less. 

However, in GaAs, the n-type Si dopant and p-type Be dopant have the highest 

doping incorporation as approximately 5×1018 cm-3 [23] and 5×1019 cm-3 [24,25], 

respectively. MBE regrowth at 590 °C for several hours will further reduce the Be 

doping to 2×1019 cm-3. This increases the tunnel junction thickness to 23 nm at 

zero bias and 57 nm under –8 V bias. 

 

Tunnel junction test for current conduction 

The current conduction capacity of the tunnel junction can be tested with 

the three test structures shown in Figure 2.9. Structure (a) is a control sample, 

representing a standard all GaAs p-n junction. Structure (b) includes a tunnel 

junction for current conduction. The tunnel junction is nominally doped at 

5×1019 cm-3 for the 30 nm p-type GaAs layer and 1×1019 cm-3 for the 30 nm n-

type GaAs layer. Structure (c) has an additional 10 nm In0.1Ga0.9As layer doped 

heavily n-type (1019 cm-3) in the tunnel junction. In0.1Ga0.9As has a smaller 

bandgap, which will increase the degeneracy of the electrons in the conduction 
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Figure 2.9 Schematic structures for tunnel junction 
test. (a) control sample with standard p-n 
structure; (b) TJ test structure without n+ 
InGaAs layer; (c) TJ test structure with n+ 
InGaAs layer  

 
 

 
 
 
 Figure 2.10 Current-voltage characteristics of 60µm-

diameter tunnel junction test structures: (a) 
control sample with standard p-i-n structure; (b) 
TJ test structure without n+ InGaAs layer; (c) TJ 
test structure with n+ InGaAs layer 
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band. Also, the highest Si doping level in In0.1Ga0.9As is higher than GaAs. These 

two factors can increase the tunneling probability. 

Current-voltage curves are shown in Figure 2.10. The 60 µm mesas are 

etched for the I-V test. The top metal contact is 30 µm in diameter. The control 

sample (a) shows the best current conduction with a turn-on voltage of 1.0 V. 

Sample (b) is very resistive compared to the control sample, showing a threshold 

voltage of 3.8 V and a slow turn-on I-V. With an additional thin In0.1Ga0.9As layer, 

sample (c) shows a turn-on voltage of 1.2 V, only slightly higher than the control 

sample.  

 

Tunnel junction in VCSEL 

With the undesirable step height of 70 nm and a slightly higher turned on 

voltage, we applied structure (c) to a full all-epitaxial VCSEL. Figure 2.11 shows 

the schematic diagram of the VCSEL. The bottom DBR consists of 30 pairs of n-

type quarter wave GaAs/AlAs layers, a full-wave cavity and three 

In0.2Ga0.8As/GaAs quantum wells in the middle of the cavity. A p-type 

GaAs/AlGaAs DBR consisting of 1.5 pairs is completed with a tunnel junction, 

consisting of a 30 nm p+ (Be = 5×1019 cm-3) GaAs layer, a 10 nm n+ (Si = 

1019 cm-3) In0.1Ga0.9As layer, and a 30 nm n+ (Si = 1×1019 cm-3) GaAs layer. After 

the tunnel junction is patterned and etched, the regrowth starts on the all-GaAs 

surface and finishes at the top DBR with 15 pairs of n-type GaAs/AlAs layer. 
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Figure 2.11 Schematic diagram of the all-epitaxial 
buried tunnel junction VCSEL 

Figure 2.12 Current-voltage characteristic of 10 µm 
all-epitaxial BTJ apertured VCSEL and the 
current blocking region 



Current-voltage curves of the 10 µm VCSELs, as well as the current 

blocking regions (140 µm in diameter) without apertures, are measured. The 

results are shown in Figure 2.12 and confirm that the current is effectively 

confined to the aperture up to 12 V or 15 mA. However, the apertures show high 

resistance that we believe is a result of Beryllium diffusion during the first 

epitaxial growth step. The current-voltage characteristics are quite consistent for 

all devices across the wafer. 

The VCSELs are tested under room temperature operation, with pulsed 

light-current characteristics of the 10 µm device shown in Figure 2.13. The 

VCSEL has a pulsed lasing threshold of 2.6 mA, which increases to 3.9 mA under 

continuous-wave operation. The slope efficiency under continuous-wave 

operation is quite low at only 4.2% with a maximum output power of 140 µW. 

In summary, we tested the tunnel junction application in the GaAs-based 

all-epitaxial VCSEL for mode- and current-confinement. The current confinement 

in the tunnel junction is excellent, and the device aperture is lithographically 

defined. However, the junction has an undesirable step height of 70 nm, which is 

much greater than the optimal mesa step height for mode confinement as 

indicated in Section 2, Chapter 2 of this dissertation. Further work needs to be 

done to reduce the step height of the tunnel junction before it can be utilized in the 

high performance all-epitaxial VCSEL. 
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Figure 2.13 Light versus current characteristic of a 
10 µm all-epitaxial BTJ apertured VCSEL. The 
inset shows the lasing spectra at 1.35×Ith 
injection current 
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 Figure 2.14 Energy band diagram for Fermi-level 

pinning in all-epitaxial VCSEL structures 
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2.3.2 Selective interfacial Fermi-level pinning for current blocking 

The selective interfacial Fermi-level pinning relies on the MBE regrowth 

of GaAs on the atmosphere-exposed low Al-content AlGaAs regrowth interface 

outside the intracavity phase-shifting mesa for current confinement. Upon 

exposure to the atmosphere, the highly reactive AlGaAs surface is oxidized. The 

native oxides that form on AlGaAs surfaces can be very tenacious to remove, 

even when heated in the MBE chamber at 590 ºC under As2 overpressure. The 

residual oxide causes the Fermi level to be pinned in the middle of the AlGaAs 

bandgap. 

For our all-epitaxial VCSEL, the regrowth interface is in the p-type upper 

DBR. Figure 2.14 shows a simulation of the energy band diagram with Fermi-

level pinning in the upper DBR on the Al0.3Ga0.7As surface. As the shown in 

Figure 2.14, the Fermi-level pinning creates an energy barrier in the p-type DBR 

for holes. The holes in GaAs/AlGaAs are of low mobility. So the energy barrier 

introduced will act as a carrier blocker and only allow a small number of carriers 

to go through. This provides current blocking. 

The intracavity phase-shifting mesa has only a thin layer of GaAs, on the 

order of 50-100 Å. An MBE thermal treatment of 590 °C at the beginning of the 

regrowth effectively removes the oxide on the GaAs surface and provides a 

Fermi-level pinning free surface for regrowth. Thus, current conduction through 

the mesa is better than in the off-mesa area. 
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The regrowth surface morphology needs to be carefully considered, since 

regrowth interface is no longer a perfect single crystal interface. If the Al content 

in the AlGaAs is too high, even though the regrowth could still produce a single 

crystal GaAs layer, the surface roughness will increase. Experiments indicate that 

regrowth on Al0.7Ga0.3As produces a rough and hazy surface under microscope 

examination, while regrowth on Al0.3Ga0.7As or Al0.4Ga0.6As produces good single 

crystal growth. The latter regrowth is optically smooth and free of defects, while 

the former, (Al0.3Ga0.7As, Al0.4Ga0.6As)/GaAs, can be selectively etched using a 

(citric acid: H2O2 = 2-3: 1)/(diluted HF) wet etching system [26]. 

Test structures are fabricated and characterized to determine the 

effectiveness of the current confinement. The test structures are shown in 

Figure 2.15. The intracavity mesa layer is 65 Å of GaAs. The thickness of the 

Al0.3Ga0.7As layer on top of the cavity is designed for the regrowth interface to be 

at the node of the optical field. The optical cavity is a full-wave with an 

Al0.05Ga0.95As cavity spacer and three In0.2Ga0.8As/GaAs quantum wells at the 

antinode of the field. There are two structures fabricated, one for I-V 

measurement through the GaAs intracavity mesa, and one for I-V measurement 

through the Al0.3Ga0.7As blocking interface. The current paths in either case are 

constrained to the 60-µm-diameter mesas with 30-µm-diameter p-side metal 

contacts. Figure 2.16 shows current versus voltage characteristics measured either 

(a) through the phase-shifting mesa region, or (b) outside the phase-shifting mesa 
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Figure 2.15 Current confinement test structure with 
selective interfacial Fermi-level pinning 

 
 
 
 
 
 

 
 Figu

 

re 2.16 Current vs voltage characteristic through 
60 µm etched posts of p–n junctions containing 
InGaAs quantum wells, shown in Figure 2.15. 
I-V curves were taken to either through the mesa 
region (On the Mesa) or through the interface 
containing the Fermi level pinning (Off the 
Mesa). 
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region. The measurements show that the forward voltage for high conductivity is 

increased from ~1.2 V in the phase-shifting mesa region to ~4.5 V in the region 

outside the phase-shifting mesa. This change in forward voltage is sufficient to 

provide current confinement to the VCSEL active area, even with a substantial 

difference in area between the phase-shifting mesa and outside the mesa. 

 

2.3.3 Application of selective interfacial Fermi-level pinning in all-

epitaxial VCSELs 

Application of the selective interfacial Fermi-level pinning immediately 

improves VCSEL performance. The VCSEL structure is similar to the VCSEL for 

demonstrating mode-confinement (Figure 2.3). The VCSEL cavity consists of 28 

lower n-type AlAs/GaAs quarterwave mirror pairs, an Al0.05Ga0.95As one-

wavelength cavity spacer containing three InGaAs/GaAs quantum wells placed at 

its center, and an upper p-type Carbon-doped AlAs/GaAs quarter-wave mirror 

stack of 18 pairs. The first MBE growth concludes with the first quarter-wave of 

the p-type DBR, which consists of Al0.3Ga0.7As and 65 Å of GaAs. The 8-µm 

GaAs intracavity phase-shifting mesas are centered in the 15-µm outer diameter 

ring opening. Al0.3Ga0.7As is exposed at the bottom of the 15-µm-ring aperture for 

current blocking. Back-biased p-n junctions are placed outside the 15-µm-ring 

aperture for current blocking [27], containing layers of GaAs and Al0.7Ga0.3As. 
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Figure 2.17 shows the light versus current curve of the VCSEL. The lasing 

threshold voltage is 1.6 V. The doping levels, and possibly interface grading, are 

not optimized for minimum resistance or low cavity loss [28, 9]. P-type C-doping 

of 5×1018 cm-3 is used (including in the layers next to the cavity spacer) to 

simplify the growth. However this increases the absorption loss and the threshold 

current density and decreases the device efficiency. This doping level, especially 

near the cavity spacer, is higher than used elsewhere, where it was demonstrated 

that optimized doping levels and interface grading are needed to achieve low 

threshold and high efficiency [9]. Still, the threshold current of 1.0 mA, threshold 

current density of 2.0 kA/cm2, and differential slope efficiency of 25% for the 

8 µm diameter device are comparable to the oxide-confined VCSELs that use the 

upper epitaxial mirror and optimized c-doping profile of [29] after the initial 

report of the device in [21]. The threshold current is also much lower than for 

gain-guided VCSELs of comparable device size and wavelength [30], despite the 

non-optimized doping. The low threshold and linear light versus current 

characteristics are indicative of stable optical mode-confinement for VCSELs of 

this device size [30] and are key requirements for many VCSEL applications. 

In principle, the thermal resistance of this all-epitaxial VCSEL will be less 

than for oxide-confined VCSELs due to heat spreading and thermal conductance 

through the all-epitaxial structure. No special heat-sinking or substrate thinning is 

used with the p-upmounted VCSEL in this study, and yet the low thermal 
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Figure 2.17 Light versus current characteristic measured for 8 µm 
diameter, all-epitaxial current- and mode-confined VCSEL 
Threshold current 1 mA; threshold current density 2 kA/cm2; 
slope efficiency 25% 
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re 2.18 Spontaneous spectral emission showing the emission 
peak from a mode-confining phase-shifting mesa at 968 nm, 
and weak spontaneous emission from the region outside the 
mesa peak at 963 nm. Additional peaks in the spontaneous 
emission spectra between 968 and 963 nm are transverse 
cavity modes 
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impedance gives a wide range of continuous-wave operating current prior to 

output power saturation. Optimized C-doping profiles can significantly increase 

this operating range by increasing the device efficiency, as well as substantially 

decreasing the lasing threshold. 

Figure 2.18 shows the below threshold spontaneous emission 

characteristics from the VCSEL, taken at 0.9 mA bias current. The emission peak 

at 968.0 nm comes from the active region, while the emission peak at 962.9 nm 

comes from the perimeter of the phase-shifting mesa. The blue shift in emission 

between the mesa region and the off-mesa region is due to the shift in the vertical 

cavity resonance that provides the optical mode-confinement. The degree of 

optical mode-confinement is therefore readily engineered in this type of VCSEL 

[31]. Based on measurements of the integrated spontaneous emission intensities 

over the different spectral ranges at lower currents, we estimate that more than 

95% of the injected current is in the VCSEL active region. 

The good injection efficiency is also evidenced by the lasing spectral 

emission. Figure 2.19 shows the lasing spectra between 5 and 25 mA. Over the 

full range of device operation the lasing is obtained only from the 8 µm diameter 

mesa in the spectral range from 968 to 970 nm, with no detected lasing in the 

spectral range from 963 nm and below that would correspond to current pumping 

outside the mesa. 

 43



In summary, the successful confinement of the current to the intracavity 

mesa improves the device performance. Device efficiency increases from 10.4% 

in the mode-confined VCSEL in Section 2.2 to 25% in the further current-

confined VCSEL. However, there are still some issues concerning the regrowth 

morphology on the Al0.7Ga0.3As layer in the back-biased p-n current blocking 

junction. Details will be addressed in the next chapter. Upon improvement of the 

regrowth morphology, device performance should further increase. 
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Figure 2.19 Spectral emission above threshold 

between 5 and 25 mA shows lasing 
operation only in the wavelength range of 
968 nm over the entire continuous-wave 
operating range of Fig. 2.17 
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2.4 Summary 

In this chapter, we introduced the designing principles of the all-epitaxial 

mode- and current-confined GaAs-based VCSELs. Excellent mode- and current-

confinement is key to high-performance VCSEL.  

An intracavity phase-shifting mesa is used for mode-confinement, where 

the step height and placement in the optical cavity is critical for optical 

confinement. Mode-confinement from the intracavity phase-shifting mesa in the 

full VCSEL is demonstrated. The VCSEL shows a lasing threshold current 

density of 283 A/cm2 and a slope efficiency of 10.4%. 

Two current-confinement schemes are discussed, buried tunnel junction 

and selective interfacial Fermi-level pinning. Buried tunnel junction has an 

undesirable step height, which is far from the optimal mode-confinement 

requirement. Selective interfacial Fermi-level pinning, alternatively, provides 

sufficient current confinement on and off the intracavity mesa region and can 

have a thin intracavity mesa no thicker than 65 Å. Selective interfacial Fermi-

level pinning is applied in the VCSEL. The lasing occurs with a threshold current 

of 1.0 mA for an 8-µm device CW at room temperature. The external differential 

quantum efficiency is 25%. 
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Chapter 3 

Epitaxial Growth, Fabrication and Characteristics of All-
Epitaxial Mode- and Current-Confined VCSELs 

 
 

3.1 Introduction 

In the previous chapter, the important designing principles — optical and 

current confinement — of the all-epitaxial mode- and current confined VCSELs 

were presented. At the beginning of this chapter, we will talk about the epitaxial 

regrowth consideration and fabrication issues for VCSELs. The final device 

design and fabrication is presented next, followed by the device characterization 

data. 

 

3.2 Epitaxial regrowth and fabrication considerations 

All-epitaxial VCSELs require a two-step MBE growth. This necessitates 

careful consideration of the surface protection for the regrowth, in order to 

achieve good single crystal growth. The regrowth is partly on an oxidized 

AlGaAs surface, which contains many oxygen atoms and is different from the 

single crystal AlGaAs/GaAs surface. This imposes restrictions on the regrowth 

and processing parameters. 
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3.2.1 Surface protection 

After the first MBE growth, the wafers are removed from the ultra high 

vacuum and exposed to the atmosphere. O2 in the air will oxidize the wafer 

surface, particularly the AlGaAs materials, and in subsequent processing, 

organics, such as photoresists, will contaminate the semiconductor surface. While 

the oxidization of the AlGaAs in the atmosphere is intentional, the other 

exposures are likely to leave many defects and foreign atoms on the 

semiconductor surface. These are nonradiative recombination centers for the 

carriers and are likely to kill the device performance. It is also possible that the 2-

D energy state density at the interface will increase, causing Fermi-level pinning. 

Preventative measures need to be taken in order to prevent the undesired 

contamination. 

To solve this problem, we deposit two sacrificial layers on top of the GaAs 

intracavity mesa layer at the end of the first MBE growth of the optical cavity 

structure. The first sacrificial layer is 200 Å of Al0.7Ga0.3As; the second layer is 

200 Å of GaAs. Additionally, some cleaning steps are inserted in the processing 

and at the beginning of the growth. Figure 3.1 shows the complete processing 

procedures for the regrowth. Figure 3.1(a) shows the top four semiconductor 

layers that are involved in processing. A standard photolithography procedure is 

used to define the intracavity phase-shifting mesa patterns. The citric acid : H2O2 

(2.5:1) solution is used for selective removal of the top GaAs layer [26]. After 
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 Figure 3.1 Processing procedures for regrowth (a) 

lithography and GaAs removal; (b) removal of 
photoresist and O2 plasma cleaning; (c) removal 
of sacrificial Al0.7Ga0.3As using GaAs as an etch 
mask (d) removal of GaAs (e) final removal of 
sacrificial Al0.7Ga0.3As without attaching lower 
AlGaAs 
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removal of the photoresist, a low power O2 plasma is used for cleaning the 

photoresist residues on the wafer surface, as shown in Figure 3.1(b). Using the 

just-defined GaAs mesa as the etching mask, we selectively etch the Al0.7Ga0.3As 

layer using diluted HF, shown in Figure 3.1(c). In Figure 3.1(d), the wafer is once 

again submerged in the citric acid: H2O2 solution to remove the topical GaAs 

layers. The last step is to etch away the Al0.7Ga0.3As layer on top of the intracavity 

GaAs mesa. Al0.3Ga0.7As or Al0.4Ga0.6As underneath the GaAs mesa layer cannot 

be attacked by either the citric acid: H2O2 (2.5:1) or the diluted HF solutions. The 

final structure immediately before the MBE regrowth is show in Figure 3.1(e). 

The intracavity mesas consist of a single GaAs layer, while the off-mesa region 

contains the atmosphere-exposed Al0.3Ga0.7As or Al0.4Ga0.6As, oxidized by O2 in 

the air. 

This processing technique protects the surface from contamination before 

processing and ensures that the regrowth interface is free from organic 

contamination. After processing, the wafer is immediately loaded into the MBE 

load lock to prevent prolonged exposure to the atmosphere. The wafer 

experiences standard pre-growth baking in both the load lock and the buffer 

chamber. In the MBE growth chamber, the wafer temperature is elevated to 

590 °C for the thermal deoxidation. The native oxide on the GaAs mesa is easily 

cleaned under these conditions, while the native oxide on the AlGaAs is still hard 

to remove and serves the purpose of current confinement. 
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Additionally, the GaAs intracavity mesa top regrowth surface is placed by 

design at the node of the optical field. This will minimize the photon absorption at 

the regrowth interface. 

 

3.2.2 Surface morphology control in regrowth 

Regrowth on AlGaAs is challenging, because oxidized AlGaAs has many 

defects and foreign Oxygen atoms. This causes the epitaxial layers to deform 

from the native lattice structure. The atomic forces build up, moving the epitaxial 

Gallium atoms, which results in irregular growth morphology and surface 

roughness. 

There are two possible solutions for solving this problem. One method is 

to clean the surface prior to the growth. This work is currently in progress. The 

second method is to reduce the Ga atom surface mobility. After thermal 

deoxidation at 590 °C for 10 minutes, the wafer temperature is reduced to 

approximately 470 °C. Ga atom mobility on the surface decreases at lower 

temperatures, but the p-type doping can still be effective. When Ga atoms are 

deposited onto the surface, it is harder to move the Ga atoms due to the reduced 

mobility. The irregular growth due to defects becomes less pronounced. 

Therefore, the regrowth surface can be smoother. After a thin layer of GaAs 

growth at 470 °C, we increase the temperature back to 590 °C for better crystal 

quality. 
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This regrowth method is not optimized yet. Further improvements include: 

(1) to start the regrowth at an even lower temperature for lower Ga atom mobility 

and adjust the Arsenic overpressure accordingly, while maintaining a sufficient 

temperature for effective doping; (2) to start the regrowth at the low temperature 

for a longer time, so that the epitaxial layer could recover better from the 

regrowth interface. 

Figure 3.2 shows irregular regrowth morphology. The regrowth is mostly 

on GaAs, except for the recessed region where regrowth is on AlGaAs. The 

aperture depth is approximately 120 Å. The entire regrowth of 0.5 µm GaAs is 

grown at 590 °C, where Gallium atoms have a higher surface mobility. High 

ridges appear on both sides of the GaAs/AlGaAs aperture circumference. We 

suspect that this is partly due to the high mobility of Ga on Al2O3 and GaAs at 

590 °C. This morphology problem is solved when only the first 30 nm of the 

GaAs material is regrown  at 470 °C. 

Regrowth surface roughness also depends on the Aluminum content in 

AlGaAs. Figure 3.3 shows two Atomic Force Microscopy (AFM) images. The 

10 µm mesas shown in the images are the intracavity phase-shifting mesa 

structures. Both regrowths start with 30 nm of GaAs at 470 °C and continue at 

590 °C. For image (a), the regrowth off the mesa region is on Al0.3Ga0.7As, while 

for image (b), the regrowth off the mesa region is on Al0.4Ga0.6As. The differences 

between the regrowth and the measured surface roughness (RMS) are tabulated in 
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Figure 3.2 Surface morphology for regrowth of 
0.5 µm GaAs at 590 °C 

 
 
 
 

0 nm 75 nm 150 nm

(a) (b)  
 
 

Figure 3.3 Atomic Force Microscopy images for (a) 
device regrown on Al0.3Ga0.7As; (b) device
regrown on Al0.4Ga0.6As. Regrowth starts at 
470 °C. Horizontal stripes are from scanning. 
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Table 3.1. By comparing the data for both images, we can see that regrowth on 

higher Aluminum content AlGaAs yields a rougher surface. 

In some of our VCSELs, the outer back-biased p-n current blocking 

junctions are incorporated into the structures. In this case, the surface roughness 

also depends on the diameter of the outer current blocking junction aperture. The 

back-biased junction contains 200 Å of Al0.7Ga0.3As, where the oxide is more 

difficult to remove. This will result in a rougher surface, which may extend 

laterally. In the case of a smaller outer aperture, the regrowth on and surrounding 

the intracavity mesa could be affected, giving worse device performance, as in the 

VCSEL for the current confinement test. 

Structure AlGaAs to be 
regrown on 

Roughness 
for regrowth 

on GaAs 

Roughness 
for regrowth 
on AlGaAs 

AFM Image (a) 30 % 0.8 nm 1.8 nm 
AFM Image (b) 40 % 2.2 nm 4.9 nm 

 
Table 3.1 Comparison of surface roughness for regrowth 
on different Al% AlGaAs 

3.3 Device design and fabrications 

The VCSEL design is shown in Figure 1.2. The device is grown using a 

Varian GEN III solid source molecular beam epitaxy and includes 28 lower n-

type AlAs/GaAs quarter-wave mirror pairs, an Al0.05Ga0.95As one-wavelength 

cavity spacer containing three InGaAs/GaAs quantum wells placed at its center, 

and an upper p-type A1As/GaAs quarter-wave mirror stack of 18 pairs. The upper 
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mirror stack is heavily doped uniformly with C at a level of 5×1018 cm−3 to reduce 

the electrical resistance, but this heavy doping also increases the absorption loss 

in the cavity. The 10-µm-diam phase-shifting mesa is formed from a single p+ 

GaAs layer of 65 Å thickness. The top of the mesa is designed to be at the first 

node of the upper p-type mirror. The molecular beam epitaxial regrowth that 

completes the upper mirror starts with GaAs to complete the quarter-wave that 

forms the first period of the mirror, and then proceeds with the additional 17 p-

type A1As/GaAs mirror pairs. More than ten different VCSEL and test wafers are 

grown using similar structures, and the device results exhibit very good 

reproducibility in both the VCSELs and test structures for application in a 

manufacturing environment. 

Two VCSELs are fabricated using this design. The only difference 

between the two is the Al ratio used in the AlGaAs layer for regrowth. As 

discussed in both this and the previous chapter, the key feature is the current 

confinement to the lithographically defined phase-shifting mesa. This current 

confinement is achieved by performing the regrowth outside the phase-shifting 

mesa on an oxidized p-type AlGaAs crystal surface. The oxide that terminates the 

p-type AlGaAs crystal surface and the Fermi-level pinning at the regrown p-type 

AlGaAs/GaAs interface, illustrated by cross-hatching in Figure 1.2, creates a 

conductivity change between the phase-shifting mesa and its adjoining crystal 

region outside the mesa perimeter. The epitaxial surfaces of the mirror regions 
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grown over both the phase-shifting mesa and the different AlGaAs layers are 

optically smooth and free of visible defects. Electrodes are placed on the epitaxial 

surface outside the phase-shifting mesa. Etched posts of 100 µm diameter are 

used to isolate the devices for wafer-scale testing. 

 

3.4 Device characteristics 

The VCSEL containing an Al0.3Ga0.7As current blocking layer is discussed 

first. Figure 3.4 shows both the light versus current and voltage versus current 

curves of the VCSEL and additional test regions fabricated on the VCSEL wafer. 

The test regions are formed without the phase-shifting mesas and are 100 µm 

diameter in order to determine the current versus voltage characteristic that would 

occur through the current blocking region in the actual VCSEL. The inset of 

Figure 3.4 shows the lasing spectrum of the VCSEL at high current. The threshold 

current is 670 µA, the threshold current density is 863 A/cm2, and the differential 

slope efficiency is 35%. The VCSEL has a turn on voltage of 1.2 V and a lasing 

threshold voltage of 1.4 V. The intracavity phase-shifting mesa creates a vertical 

resonance shift of 10 nm relative to the cavity region outside the mesa. Consistent 

with the spectral inset in Figure 3.4 taken at 25 mA, we find that lasing occurs 

only from the 10-µm-diameter phase-shifting mesa throughout the entire range of 

currents. Figure 3.4 shows that the all-epitaxial design can be driven to 35 mA 

before the output power fully saturates, which corresponds to 50 times threshold. 
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Although we are presently unable to do high temperature testing, the high current 

characteristics suggest that the current confinement is not highly temperature 

sensitive. 

Despite the current confinement and lasing occurring solely in the phase-

shifting mesa, Figure 3.4 shows that the blocking voltage in the region outside the 

mesa has a reduced turn-on voltage between 2 and 3 V, which is considerably 

smaller than the 4.5 V turn-on in the test structures. The resistance of the VCSEL 

is also increased when compared to the test structures, due to the smaller area. 

The smaller turn-on voltage outside the mesa region allows some leakage current 

around the 10-µm-diameter phase-shifting mesa regions through the 100 µm 

etched post. The ratio of areas between the phase-shifting mesa and 100 µm 

etched post is approximately 100, and could be readily reduced with additional 

processing steps to improve the performance. For example, simply using a proton 

implant would reduce the electrical conductivity outside of the VCSEL active 

area, forcing the current into the phase-shifting mesa. In fact, it is highly desirable 

to reduce the parasitic capacitance and maintain a fully planar, all-epitaxial 

approach to VCSEL arrays. Optimized interface grading and doping levels would 

also reduce the electrical resistance, as well as reduce optical loss in the cavity. 

Both would further reduce the lasing threshold and improve the efficiency [9]. 

To characterize the electrical confinement in the actual VCSEL device and 

compare it to the test structures, we have evaluated the below threshold 
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Figure 3.4 Light vs current characteristic and current vs 
voltage characteristic of the all-epitaxial VCSEL 
(regrowth on Al0.3Ga0.7As). The inset shows the 
spectral emission at 25 mA. The lasing at 972 nm 
corresponds to the phase-shifting mesa region. 

 
 

 

Figu

 

 
re 3.5 Light vs current characteristic and current vs voltage 
characteristic of the all-epitaxial VCSEL (regrowth on 
Al0.4Ga0.6As for current confinement.) 
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spontaneous emission spectrum of the VCSEL looking specifically at emission in 

the spectral region corresponding to the region outside the mesa at 962 nm, 

relative to emission from the mesa in the region of 972 nm. These below 

threshold measurements show that the present VCSELs still exhibit leakage 

current around the phase-shifting mesa that increases the lasing threshold and 

decreases efficiency. At the lowest current level of 40 µA, the integrated intensity 

of light output from the 100-µm-diameter region outside the mesa region is three 

times larger than that from the 10-µm-diameter mesa region, despite the p-metal 

electrode blocking much of the emission from outside the mesa. As the current is 

increased the injection into the mesa becomes more efficient and at 150 µA 

emission from the mesa exceeds that from the outer region. At ~ 500 µA the 

emission intensity from the mesa region exceeds that from outside the mesa by a 

factor of 10, but stimulated emission also contributes to the mesa emission. These 

results suggest that substantial improvements can still be made in the VCSEL 

performance based on this lithographic fabrication approach. 

For the VCSEL device with the regrowth on the Al0.4Ga0.6As layer, Figure 

3.5 shows both the light versus current and voltage versus current curves of the 

VCSEL and additional test regions fabricated on the VCSEL wafer. The threshold 

current is 1.15 mA, the threshold current density is 1464 A/cm2, and the 

differential slope efficiency is 44%. When compared to the GaAs/Al0.3Ga0.7As 

VCSEL, this device exhibits higher efficiency, which is believed to be due to the 
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improved current blocking capacity (data not shown). But from the discussion in 

section 3.2.2, we understand the surface roughness on the intracavity phase-

shifting mesa is much higher in the Al0.4Ga0.6As case, which increases the lasing 

threshold current. 

 

3.5 Summary 

In this chapter, we discussed the epitaxial regrowth issues and the device 

fabrication issues for the all-epitaxial mode- and current-confined VCSELs. 

Epitaxial regrowth on AlGaAs can produce a rough surface. Starting the 

regrowth at 470 °C can decrease the roughness. Sacrificial layers are used to 

protect the regrowth interface from unnecessary contamination. And the regrowth 

interface on the phase-shifting mesa is placed at the node to reduce optical loss. 

Two VCSELs are fabricated and tested. The VCSEL containing the 

oxidized-Al0.3Ga0.7As current blocking layer exhibits a lasing threshold current of 

670 µA, a threshold current density of 863 A/cm2 and a differential slope 

efficiency of 35%. The VCSEL containing the oxidized-Al0.4Ga0.6As current 

blocking layer exhibits a higher lasing threshold current of 1.15 mA, and a 

differential slope efficiency of 44%. Regrowth with a higher Al ratio gives 

improved current confinement, but the resulting surface roughness yields a 

decrease in the mode confinement. 
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Chapter 4 

Intracavity Grating Incorporation in All-Epitaxial Mode- and 
Current-Confined VCSELs 

 

4.1 Introduction 

A key benefit of the all-epitaxial mode- and current-confined VCSEL is its 

compatibility with intercavity patterning. Possible applications for intracavity 

patterning of the all-epitaxial VCSEL for optical mode engineering are discussed. 

Also, an analysis of intracavity patterning for better gain/optical mode matching is 

presented. A VCSEL incorporating intracavity gratings is presented and compared 

to the single-intracavity-mesa VCSEL fabricated on the same wafer. 

 

4.2 Benefits of intracavity patterning 

VCSELs have a very short gain path, thus they require multiple round 

trips to achieve lasing. This makes VCSEL performance inherently sensitive to 

optical loss. While a single intracavity phase-shifting mesa can achieve low 

optical loss by balancing diffraction loss and scattering loss, more complicated 

intracavity structures can further control the optical loss, modify the mode 

characteristics, and control the location of current injection, i.e. where the gain 

occurs. This will greatly improve the device performance. 
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A simple but non-trivial example of the application of intercavity pattern 

is polarization control. Elliptical intracavity mesa/gratings, as shown in Figure 

4.1(a), can produce a linearly polarized laser output. By having circular grating, 

shown in Figure 4.1(b), and adjusting the separation between the rings, we will be 

able to match the gain injection to the desired optical mode profile, e.g. single 

mode emission. Thus lasing in a specific optical mode is possible. Photonic 

crystals are another type of intracavity pattern for band gap engineering. Photonic 

crystal patterns are shown in Figure 4.1(c) and (d). 

Intracavity patterns can also provide perfect gain/mode matching and 

improve device performance. The previously mentioned VCSEL techniques can 

at best inject current uniformly into the device aperture. The resulting gain profile 

is dramatically changed from the lateral mode profile, where the electric field 

intensity quickly decreases radially, wasting much of the current injected around 

the aperture circumference. This increases the threshold, decreases the efficiency 

and causes spatial hole burning, thus compromising device performance. For the 

case of intracavity patterning, we can adjust the circular grating width and 

separation to match the mode profile, and inject more current where the field 

intensity is higher.  

Calculations show that perfect gain/mode matching could reduce the 

threshold by an order of magnitude, assuming that the VCSEL has an aperture of 

10 µm, an optical mode size of 4 µm, and that the field is in the ground Gaussian 
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(a) Polarization
control

(c) 2-D PC

(b) Circular
grating

(d) 2-D PC
defect

 
 
 
 
 Figure 4.1 Various applications for intracavity 

patternings (a) elliptical gratings for polarization 
control; (b) circular gratings could be used for 
certain mode operation, e.g. single mode 
operation; (c) & (d) show the compatibility with 
photonic crystals (PC)  
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mode. In the uniform current injection case, the threshold current is 

Ith = 78.5 µm2·Jth. For the perfect gain/mode matching case, the threshold current 

is only Ith = 6.3 µm2·Jth, which is only 8% of the uniform current injection value. 

 

4.3 Device design and fabrication 

We will now describe our first VCSEL with a lithographically defined 

intracavity grating that simultaneously controls the electrically injected current 

and the optical mode. The device demonstration reported here uses only a coarse 

grating, with no particular optimization of the grating pattern except to reduce the 

feature size to approximately those needed for single-mode operation given a 

single aperture. Furthermore, the fabrication is not yet ideal because of excess 

optical scattering loss from the grating due to patterning and epitaxial growth. 

However, the approach demonstrates a very important attribute in providing a 

lithographically defined and self-aligned mode- and current-confining grating. 

Figure 4.2(a) shows a schematic illustration of the grating-confined all-

epitaxial VCSEL, while 4.2(b) shows a scanning electron microscope image of 

the grating prior to regrowth. The crystal growth is performed using molecular-

beam epitaxy (MBE) starting on an n+-GaAs substrate. The epitaxial layers of the 

device consist of a lower 26.5 pair n-type AlAs/GaAs quarter wave mirror stack, 

an Al0.05Ga0.95As one-wavelength cavity spacer with three InGaAs/GaAs quantum 

wells placed at its center, an upper p-type Al0.7Ga0.3As confining layer, a p-type 
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Al0.3Ga0.7As layer, and a 65 Å thick p-type GaAs phase-shifting mesa layer. After 

the initial growth, e-beam lithography and selective etching are used to form the 

circular grating in the p-type GaAs phase-shifting mesa layer shown in Figure 

4.2(b). The wafer is then returned to the MBE system for regrowth on the surface 

that consists of p-type GaAs phase-shifting mesa layers (circular patterns in 

Figure 4.2(b)) and, outside these mesa regions, the p-type Al0.3Ga0.7As layer. The 

second epitaxial regrowth completes the upper p-type mirror by depositing an 

additional 16.5 pair p-type AlAs/GaAs mirror. 

The mode confinement is due to a resonance shift of ~10 nm generated in 

the cavity between the mesa and off-mesa regions for free-space plane waves 

propagating normal to the cavity surfaces in either cavity region. The fabrication 

procedure is completed by depositing a AuGe/Ni/Au n-contact on the back side of 

the wafer and a 60 µm/30 µm ring p-contact of Cr/Au that is concentric to the 

grating. The grating confined VCSEL has a 15 µm diameter with an inner mesa of 

4 µm diameter and three 1.25 µm outer rings that are spaced 0.6 µm apart. A 

10 µm single-mesa VCSEL is also fabricated on the same wafer. 

 

4.4 Device characteristics 

Electrical confinement is obtained in the intracavity GaAs phase-shifting 

mesas through selective Fermi-level pinning at the Al0.3Ga0.7As/GaAs regrown 
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Figure 4.2 (a) Schematic of an all-epitaxial VCSEL 
with a circular grating phase-shifting mesa; (b) 
Scanning electron micrograph image of a 
circular grating fabricated by electron-beam 
lithography 
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hetero-interface. The interface Fermi-level pinning depletes the hole charge in the 

region around the interface. The depletion region combined with the large valence 

band offset between Al0.3Ga0.7As and GaAs lead to a large forward voltage for 

current flow in the interface region with Fermi-level pinning. The individual 

VCSELs are isolated using 100-µm pillars etched through the active region, and 

no other current confinement is used. Figure 4.3 shows the current-voltage 

characteristic measured either in the actual device (on the mesa grating) or 

through a current-blocking test region electrically isolated from the mesa grating. 

The test structure consists of a 60 µm diameter etched post with a 30 µm diameter 

metal contact and passes little current for bias voltages less than ~5 V. The test 

structure therefore includes an area outside the mesa that is 16 times larger than 

the 15 µm grating confined VCSEL, and demonstrates that the current injection is 

effectively confined to the mesas to enable tailoring of the injected current with 

this intracavity grating technique. Note that a deep proton implant might also be 

used outside the mesa grating to electrically isolate different devices and produce 

a fully planar wafer and reduce the VCSEL parasitic capacitance. 

The grating-confined and simple mesa VCSELs are each found to have 

good uniformity in their characteristics. Figure 4.4 shows the continuous wave 

light versus current curves for examples of either type of device. The threshold 

current for the 15 µm diameter grating-confined VCSEL is 1.6 mA, which 

corresponds to a threshold current density of 906 A/cm2, while the 10 µm 
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 Figure 4.3 Current vs voltage characteristics 

measured for either the 15 µm mesa grating 
VCSEL (on the mesa grating) or a 60 µm 
diameter etched post formed outside of and 
electrically isolated from the mesa grating 

 
 
 
 
 
 

 
 

Figure 4.4 Light vs current characteristic for all-
epitaxial VCSELs with either a 15 µm mesa 
with a grating (solid curve) or 10 µm single 
mesa without a grating (dashed curve) 
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diameter simple mesa-confined VCSEL has a threshold current of 0.7 mA, which 

corresponds to 891 A/cm2. The threshold voltage of the 15 µm diameter grating-

confined VCSEL of Figure 4.4 is 1.4 V with a differential resistance of 148 Ω, 

although there is some variability in electrical resistance across the wafer. The 

threshold voltage of the 10 µm diameter simple mesa VCSEL is 1.6 V with a 

differential resistance of 450 Ω. While the higher output power, higher threshold 

current, and lower resistance of the 15 µm diameter grating-confined VCSEL 

correspond to the 10 µm diameter simple mesa-confined VCSEL approximately 

track a factor of 2.2 increase in the active area, the increase in slope efficiency for 

the grating-confined VCSEL does not. Although the similar threshold current 

densities show that mirror reflectivities are essentially the same in either the 

grating-confined or sinple mesa VCSELs, the increase in slope efficiency of the 

grating-confined VCSEL is consistently measured and appears to come from 

more efficient pumping of the grating-confined VCSEL lasing modes, as expected 

from its smaller mesa sizes. 

Figure 4.5 shows far-field radiation patterns at the same drive currents for 

either VCSEL, while Figure 4.6 shows the spectral output of the grating-confined 

VCSEL. Both the grating-confined and simple mesa VCSELs are multimode with 

similar lasing spectra, while the far-fields are indicative of the coherent spot sizes 

of the multiple transverse modes. The narrower far-field pattern of the grating-

confined VCSEL indicates larger near-field coherent spot sizes, and the radiation 
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Figure 4.5 Far-field radiation patterns measured at 
different current levels. Similar patterns are 
measured for (a) a 10 µm simple mesa; (b) a 
15 µm mesa with grating 

 
 
 
 
 
 
 
 
 

 
 

Figu

 

re 4.6 Spectral data measured for the 15 µm 
grating confined VCSEL at current levels of 2, 
4, 7, and 11 mA.
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pattern is consistent with confinement in the rings of the circular grating. The far-

field of the 10 µm simple mesa corresponds to a spot size of ~3 µm, while that of 

the 15 µm grating-confined VCSEL corresponds to ~8 µm, or again 

approximately coupling around the grating rings. We note that the 4 µm diameter 

of the inner area of the grating confined VCSEL (Figure 4.2 (b)) is close to the 

value of the 3 µm coherent spot size of the simple mesa, while the 1.5 µm rings 

are less than this value. The increase in efficiency is consistent with reduced 

spatial hole burning and greater mode overlap in the grating-confined device, 

despite its larger area. This is perhaps not too surprising, given that introducing 

the grating provides additional boundary conditions for the transverse modes and 

current injection. 

We also note that despite the higher efficiency of the grating-confined 

VCSEL, we measure a consistent, yet small, increase in threshold current density 

compared to the simple mesa device that may be due to increased scattering loss. 

Recently, we compared the theoretical scattering loss in this type of all-epitaxial, 

mesa-confined VCSEL with that of oxide confinement [32]. The analysis shows 

that for ideal designs the all-epitaxial approach will exhibit lower optical loss than 

oxide confinement, and a simple effective index approximation is ineffective in 

the design of high-performance VCSELs because it ignores scattering. However, 

the epitaxial regrowth can give excess scattering if the fabrication leads to rougher 

mirror interfaces, and this is currently under study using edge-emitting lasers. 
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Surface roughness, especially at the AlGaAs/GaAs regrown heterointerface, can 

have a large impact on the grating-confined VCSEL, due to the stronger mode 

interaction. 

Finally, we point out that we have not made an attempt to optimize the 

grating design for high efficiency or low threshold. In fact the present design does 

neither. Instead it is used to demonstrate the potential for engineering high-

performance VCSELs through simultaneous control of their mode and gain 

profiles. For example, in the current 15 µm diameter grating-confined VCSEL, 

which includes the 4 µm diameter center region and three 1.25 µm diameter outer 

rings with 0.6 µm spacings, a uniform threshold current density at 1.6 mA current 

leads to 156 µA injected into the 4 µm center region, 313 µA in the first ring, 

494 µA in the second ring, and 674 µA in the third ring. The large current injected 

into the outer ring, where the lowest-order mode intensity drops off, shows why 

chirped gratings that match the current to the mode can generate improved 

performance. Because of the relatively large device sizes studied here, carrier 

diffusion effects outside the phase-shifting mesa regions are not believed to be 

substantial. Alternatively, chirped gratings provide the possibility of reducing or 

eliminating such effects in smaller VCSEL sizes through a variation of both the 

ring widths and spacings. 
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4.5 Summary 

All-epitaxial mode- and current-confined GaAs-based VCSELs are 

compatible with the intracavity patterning technique. The current flows through 

the intracavity patterns only. Mode and current confinement are self-aligned. 

By incorporating different intracavity patterns and controlling where the 

current flows and therefore where the gain occurs, we are able to engineer the 

optical mode. Possible applications include an elliptical pattern for polarization 

control, certain intracavity circular gratings for single mode operation, and 

photonic crystals. 

Perfect gain/optical mode matching is possible using the intracavity 

gratings. This will dramatically improve the lasing threshold and device 

efficiency, and reduce spatial hole burning. Calculations show that for the ground 

Gaussian mode, threshold currents can be lowered by 92%, compared to perfect 

mode-matching current injection and uniform current injection. 

A VCSEL device incorporating an intracavity grating pattern is presented 

to demonstrate the potential of high performance VCSELs. The intracavity 

grating is a set of circular rings, as shown in Figure 4.2. Continuous-wave lasing 

occurs at room temperature and has almost the same current density as the single-

10-µm intracavity mesa VCSEL as a control sample on the same wafer. However, 

the differential slope efficiency increases from 30% to 38%. 
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Chapter 5 

Summary 

 

This dissertation has focused on the development and understanding of all-

epitaxial mode- and current-confined GaAs-based VCSELs. The aim was to 

develop a new VCSEL technique for next generation devices. 

Mode and current confinement largely determine VCSELs performance. 

Mode-confinement was realized using a thin intracavity phase-shifting GaAs 

mesa. Step height and placement in the optical cavity of the intracavity mesa 

needs to carefully considered for optimal control of the total optical loss, 

including diffraction loss and scattering loss. Calculations showed that the all-

epitaxial approach based on the phase-shifting mesa represents a scheme that can 

outperform the oxide confined VCSEL for low loss mode confinement. 

Successful mode confinement was demonstrated using a specially designed 

VCSEL incorporating a phase-shifting mesa. The VCSEL lased continuous-wave 

at room temperature with a low threshold current density of 736 A/cm2. The 

spontaneous emission spectrum and the lasing spectrum also showed strong 

evidence of mode confinement. 

Current confinement was challenging in our all-epitaxial VCSELs, due to 

the small regrowth mesa thickness. Buried tunnel junction showed excellent 

current confinement, but failed to provide an appropriate mesa height for optimal 
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mode confinement. On the other hand, selective interface Fermi-level pinning 

sufficiently blocked the current by regrowth on an oxidized low Al ratio AlGaAs 

layer. For the same mesa size, the I-V through the AlGaAs layer had the same 

slope as the I-V through the GaAs phase-shifting mesa. But the turn-on voltages 

were 4.5 V versus 1.2 V. Current confinement based on selective interface Fermi-

level pinning was implemented in the mode-confinement test VCSEL. The 

VCSEL showed a decreased lasing threshold current of 1.0 mA and an increased 

differential slope efficiency of 25%. 

The oxide remaining on the AlGaAs surface can potentially sabotage the 

regrowth quality with the unusual surface morphology and surface roughness. 

Two sacrificial layers and 30% to 40% AlGaAs were used for protecting the 

surface and preventing organic contamination. The surface roughness was 

reduced by starting the regrowth at a lower temperature (470 °C) and using a 

lower Al ratio in the AlGaAs. 

Two VCSELs based on the intracavity phase-shifting mesa and selective 

interfacial Fermi-level pinning were fabricated. The regrowth in the current 

blocking region was on Al0.3Ga0.7As and Al0.4Ga0.6As, respectively. The 

regrowth-on-Al0.3Ga0.7As device lased at room temperature with a CW threshold 

current of 670 µA, a threshold current density of 863 A/cm2 and a differential 

slope efficiency of 35%. The VCSEL containing the oxidized-Al0.4Ga0.6As current 

blocking layer exhibited a higher lasing threshold current of 1.15 mA and a 
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differential slope efficiency of 44%. This was due to improved current 

confinement and a rougher regrowth surface comparing to the VCSEL regrown 

on Al0.3Ga0.7As. 

Intracavity patterning can match the gain/mode profile and reduce the 

lasing threshold by an order of magnitude. Various intracavity patterns can also 

be utilized for optical mode engineering, such as polarization control, single mode 

operation, and the inclusion of photonic crystals. Initial non-optimized all-

epitaxial VCSELs incorporating the intracavity circular gratings were presented. 

The device showed almost the same threshold current density as the single-

intracavity-mesa VCSEL on the wafer. But the device efficiency increased from 

30% to 38%. 
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