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Surface Emitting Lasers

Â Vertical -cavity surface-emitting laser (VCSEL)

Advantages

VEase of coupling to optical fibers(circular geometry)

VDirect wafer scale probing, two-dimensional laser array( vertical emission from the top or bottom of substrate)

VUltralow threshold operation, single-frequency operation( small cavity volume)

VFabrication process without wafer lapping, device cleaving and dicing, facet coating, wire bonding

Schematic diagram of a surface emitting laser Front and back surface-emitting lasers
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Surface Emitting Lasers

Â Brief VCSEL history
Year Event Material Wavelength

1977 First suggestion AlGaAs/GaAs 0.85 ɛm

1979 First demonstration InGaAsP/InP 1.3 ɛm

1984 Semiconductor DBR InGaAsP/InP 1.3 ɛm

1986 Semiconductor DBR AlGaAs/GaAs 0.85 ɛm

1986 6mA threshold at room temperature AlGaAs/GaAs 0.85 ɛm

1988 First room temperature(RT) CW AlGaAs/GaAs 0.85 ɛm

1989 2mA threshold quantum well device InGaAs/GaAs 0.98 ɛm

1989 Sub-mA threshold device AlGaAs/GaAs 0.98 ɛm

1991 First RT operation of deep red InGaAsP/InP 0.78 ɛm

1993 First RT CW long wavelength InGaAlP/GaAs 1.3 ɛm

1993 First RT operation of red color InGaAs/GaAs 0.67 ɛm

1995 Oxidation of AlAs and sub-200ɛA threshold AlGaAs/GaAs 0.98 ɛm

1996 107 hours of life time AlGaAs/GaAs 0.85 ɛm

1996 > 200 mA CW output InGaAs/GaAs 0.98 ɛm

1996 > 50% power conversion efficiency InGaAs/GaAs 0.98 ɛm

1998 Optically pumped blue color InGaN/GaN 0.4 ɛm
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Surface Emitting Lasers

Â First suggestion

K. Iga, ñVertical-cavity surface-emitting laser: Itôs conception and evolution,ò J. J. Appl. Phys. 47, 1-10 (2008).

VThis type of laser was first proposed by Prof. Kenichi Iga in 1977 at the Tokyo 

Institute of Technology as an alternative device design that could be packaged in 

a manner similar to that of a light-emitting diode (LED) and yet could be very 

simply and efficiently coupled to a fiber.

Prof. Kenichi Iga

Sketch of VCSEL conceived in 1977
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Surface Emitting Lasers

Â First demonstration

Vn-type InP layer, undoped InGaAsP active layer, p-type InP layer were grown 

sequentially on a (100) n-type InP substrate using liquid phase epitaxy(LPE).

VThreshold current was 900 mA at 77 K and light output of several mW was 

obtained.H. Soda, K. Iga, C. Kitahara, and Y. Suematsu, ñGaInAsP/InP surface emitting injection lasers,ò J. J. Appl. Phys. 18, 2329-2330 (1979).

Schematic structure of InGaAsP/InP

surface emitting injection laser
Light output vs. injection current 

characteristic
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Surface Emitting Lasers

Â First GaAs/AlGaAs DBR mirror

V40 layers of alternating GaAs/Al0.6Ga0.4As epitaxially grow on GaAs substrates 

using metal organic chemical vapor deposition(MOCVD).

R. L. Thornton, R. D. Burnham, and W. Streifer, ñHigh reflectivity GaAs-AlGaAsmirrors fabricated by metalorganic chemical vapor deposition,ò 

Appl. Phys. Lett. 45, 1028-1030 (1984). 
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Surface Emitting Lasers

Â Lasing condition
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The lasing condition of a VCSELis round-trip resonance condition of a vertical Fabry-Perot cavity
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Surface Emitting Lasers

Â Basic VCSEL structure

Top emission

ü Mirror design issue

VHigh mirror reflectivity

VHigh reflective index contract

VCompatible with the quantum layer

VLow series resistance

VLow optical absorption loss

VDBR (distributed Bragg reflector) & metal 

Top Mirror

Active layer

Bottom Mirror

Spacer layer

Spacer layer

Contact layer

Bottom 

mirror

Substrate

Active 

region

Top Mirror

Spacer layer
P

I

N

Bottom emission

Top mirror

ü Active region design issue

VHigh optical gain

VLow threshold current

VHigh coupling efficiency between gain and 

optical field

Vnɚ/2 (optical thickness)

:spacer+gainlayer(quantum wells)
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Surface Emitting Lasers

Â Plane wave reflection from a distributed-Bragg reflector
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For (2N+1) layers, the power reflectivity becomes

Eq. (5.9.44)
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(a) The power reflectivity of a DBR structure is plotted as a function of wavelength near the stop band wavelength.

(b) The phase of the reflection coefficient.
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Surface Emitting Lasers

Â Special case right at resonance ɚ=ɚB
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Reflection coefficient at resonance wavelength,
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Eq. (5.9.51)

Assuming n1(GaAs)=3.52 and n2(AlAs)=2.95 at ɚB=0.98ɛm

n0=nt=n1(GaAs)=3.52 

2

Nr approaches unity quickly as N is above 10

Eq. (5.9.52)
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Surface Emitting Lasers

VDBR is formed from multiple layers of alternating materials with varying refractive index to get the high 

reflection like mirror. 

Vfrom each individual interface added exactly in phase with the reflection   from every other interface 

)1+2(
4

=

2
+=2

m
n
ɚ

d

ɚ
ɚmnd n  : refractive index

d  : thickness of each layer

m : integer

l: wavelength in vacuum

High index

Low index

Air

High index

Low index

VThickness of DBR layers must satisfy Bragg condition  at target wavelength ! 

phasereflectance

Â Design issues for distributed Bragg reflectors (DBRs)

ˊ ˊ

In-phase condition

nd nd

F. L. Pedrotti., ñIntroduction to opticsò Chapter 7 Interference of light (2007).

2
k
lp=phase



12

Surface Emitting Lasers
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VThicker thicknessof DBR layerscausea

decreaseof stopbandof reflectance.

VSmall stopband design increase

experimental difficulties and decrease

errortolerance.

Stopband

Â Design issues for distributed Bragg reflectors (DBRs) 

l= 980nm

GaAs(ml/4n) / AlAs(ml/4n)-20pair
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Bragg condition 
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Surface Emitting Lasers

Â Different types of reflectors

VMetallic reflector and hybrid reflectors are absorbing and cannot be used as light-exit reflectors (T = 0%).

VTotal internal reflectors(TIR) require that the angle of incidence be shallow in order to achieve high reflectivity.

VDistributed Bragg reflector(DBR) display narrow band of high reflectivity.

E. F. Schubert, ñLight-Emitting diodes,ò Cambridge university press (2006).

L. A. Coldren et al., ñVertical-cavity surface-emitting lasers: Design, fabrication, characterization, and applications,ò Cambridge university 

press (1999).
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Surface Emitting Lasers

< Illustration of the DBR penetration depth >

Â Effective mirror model

Knowing that the reflection phase is zero at the Bragg 

wavelength(b0), we can express reflection coefficient (r) as 

Penetration depth

V Effective cavity length

E. F. Schubert, ñLight-Emitting diodes,ò Cambridge university press (2006).

L. A. Coldren et al., ñDiode lasers and photonic integrated circuits,ò Chapter 3. Mirrors and resonators for diode lasers John wiley & Sons, Inc. (1995).
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Expanding the simulated DBR reflection phase in a Taylor series about the Bragg 

wavelength

The incident and reflected wave amplitudes each experience a phase 

shift of bLpenin traversing the distance to the effective mirror and back.
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Surface Emitting Lasers

Â Effective mirror model

Phase varies relatively linearly near the reflection maximum. Such a reflection can be well approximated by a 

discrete mirror reflection equal to the magnitude of the reflection but placed a distance Leff away.
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Surface Emitting Lasers

ḿLɓűű c 2221 =++ Eq. (11.2.3)The phase condition of a VCSELis

V Standing wave pattern will have a peakat the first 

interface of the top and bottom DBR

V Standing wave pattern will have a null at the first 

interface of the top and bottom DBR
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Surface Emitting Lasers

Â Design issues for active region II

V Fabry-Perot (FP) MQW cavity must satisfy resonance condition which occur when ɓL = mˊ (m=1,2,3...) 

equivalently when the cavity length is an integral number of half wavelengths.
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V For high efficiency laser , optical field is placed at quantum well region  which occur when the cavity 

length is an integral even number of half wavelengths.
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Surface Emitting Lasers

Â Threshold condition

öö
÷

õ
ææ
ç

å
+=G

21

1
ln

2

1

RRL
g a

2

11 = rR
2

22 = rR

Eq. (11.2.4)

The threshold gain of a VCSELis

Eq. (11.2.5)

Ŭ: the optical absorptions inside and outside the active region, 

plus any diffraction loss

ũ: the longitudinal and transverse optical confinement factor

where                     

Loss parameter
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Depends on the size of the diameter of the active region and the locations of the mirrors.

Eq. (11.2.6)
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Surface Emitting Lasers

V Depending on the fabrication processes and the structures of the surface-emitting lasers, the current 

distribution, the carrier density profile, and the optical mode pattern vary.

Current density Carrier density Fundamental optical mode profile

Gain-guided VCSEL with ion-plantation region

Â Carrier injection and optical profile


