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Student : J. M. Lin Advisor : Dr. S. L. Yang
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ABSTRACT

In this study, we fabricated .and--analyzed the 850 nm ion-implanted
vertical-cavity surface emitting lasers ' (VCSELs) with shallow-etching and
zinc-diffusion onto the surface distributed Bragg reflector (DBR).

The Laguerre-Gaussian modes and linear polarization modes were applied for
determining mode intensity distribution. The temperature effect on the mode spot size
was evaluated. We calculated the reflectance of shallow-etched and zinc-diffused 850
nm DBR. We found that there is a local reflectance minimum of 0.985 with surface
etching depth of 86 nm. This calculation is coincident to our experimental result. For
the case of zinc diffusion, we found that the reflectance and stop band decrease with
the diffusion time. The resultant DBR reflectance is about 0.95 with for the diffusion
time of 8 ~ 16 minutes at 600 °C. Due to an amorphous film formed over the DBR

surface, the measured reflectance is much lower than the simulated result and is not



comparable to the simulation result.

We applied separately the shallow-etching and zinc-diffusion techniques to
fabricate single mode 850 nm ion-implanted VCSELSs. Due to a large series resistance
of VCSELSs resulted from the small ion-implanted aperture size, most devices cannot
reach the threshold lasing condition. The measured relationship of light power to
current indicates the characteristics of light emitting diodes. By adequately controlling
the aperture sizes of ion-implantation and surface relief or zinc diffusion, the feasible

single-mode VCSELSs are suggested to be fabricated successfully.
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Chapter 1

Introduction

1-1 Introduction to VCSEL

In 1979, the first pulse GalnAsP/InP surface emitting injection laser was
reported by Haruhisa SODA in the Department of Physical Electronics, Tokyo
Institute of Technology. They achieved room temperature pulsed operation in 1984 [1],
In 1988, the first continue wave AlGaAs/GaAs VCSEL operated in room temperature
was reported [2]. Over the past twenty years a considerable number of studies have
been made on VCSEL. Since the mid-1980’s due to advances of the design, growth of
mirrors, gain structures, and fabrication  téchniques for electrical and optical
confinement the fabrication of VCSEL are gradually ripe. Until 1996 the Honeywell
company made the first commercial] VESEL which owing to have low threshold
current, high power output, cifeular optical spot, high frequency response and
possibility of 2-dimensional array thus they have better characteristics than edge
emitting lasers. So far as the small signal modulation is concerned. The traditional
Light emitting diodes (LEDs) only has maximum transport rate 600Mbps and
VCSELSs realize the maximum transport rate over 1Gbps. Therefore, surface emitting
lasers are more ideal candidates for the light sources of optical fiber communication
than edge emitting lasers in the local area networks (LANs) and metropolitan
networks. But there are still some challenges of characteristics, such as control of

transverse modes and promotion of output power.

1-2 The structure of VCSEL

In this section, we will discuss the subject from the structure point of view. We



discuss the structure of Edge-Emitting Laser first. With edge emission, the transverse
and lateral modes of the laser depend on the cross section of the heterostructure gain
region, which is transversely very thin for carrier confinement and laterally wide for
output power such show in Fig. 1(a). This result makes the output light not match well

to the circular cross section of an optical fiber.

Fig. 1.1 (a) Schematic drawing of edge emitting laser
The structure of VCSEL i$- possible-to-highly-clongate near and far fields that
match well with the optical fiber. VCSEL has a resonator which is vertical to the

wafer surface and possible to emit symmetric light with small diverge angle.

} laser output

-

Mirror Stack —

p-n junction -» ¥
Mirror Stack — =
Substrate
(b)

Fig. 1.1 (b) Schematic drawing of VCSEL



General structures of VCSEL are (1) airpost, (2) regrowth buried
heterostructure, (3) ion implanted and (4) oxide aperture which are commonly found
in recent literatures. We should note that each structure has different mechanisms of
current and optical confinement.

Early VCSEL used etched air-post structures to confine the current path. Thus
current is confined to the lateral dimensions of the mesa. The etched air-post structure
also provides a lateral step-index guiding over the upper etched portion of the cavity.
Such output light can be confined in the waveguide and approximately calculated by
step-index guiding mode.

The regrown buried heterostructure allows the fabrication of buried
heterostructures, which provide both carrier confinement and optical index guiding. If
the buried regrown material surrounding the etched mesa has a larger bandgap and
lower index than the mirror layers,.then this structure can support optical and electric
confinement.

Ion-implanted structure VCESL.is very. simple to manufacture and it is the
principal commodity in the market. The implanted ion such as H or Ar makes
high-resistance regions which can confine the current path. The current will pass the
non-implanted region. To ensure that the implant does not damage active regions, the
implant depth must to stop above the active region but lateral current will spread tends
to occur in the active region. For many applications the main problem with the
ion-implanted structure is the lack of any index guiding. The primary lateral optical
guiding is due to thermal lensing effects which we will discus in chapter 2.

The structure of oxidation VCSEL has better electric characteristics than other
three structures. Because of the Al,Os; which is almost insulated and is nearly the
active region, all of the current will flow the oxide aperture and concentrate in the

local active region. With smaller active volume the threshold current can be reduced,

3



until increasing diffraction losses and leakage currents limit this down [3].
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Fig. 1.2. The four fundamental structures of VCSELSs

1-3.  Outline of this thesis

The purpose of this paper is to study the surface modified top DBR reflectance
of VCSEL with shallow etched and Zinc diffusion. To begin with, we will introduce
the fundamental theorems of the VCSEL including threshold gain, rate equation, DBR
reflectance and laser optical guiding in the chapter 2. Next, we will focus on the
theorems and calculations of surface relief and zinc diffusion in chapter 3. In chapter

4, we will introduce the shallow etching, zinc diffusion and the fabrication of VCSEL



devices. In the other hand, we also measure the results of these experiments. Finally,

chapter 5 is the conclusion of the thesis.




Chapter2
The Basic Principle of VCSEL

2-1 The basic theory of VCSEL

The basic physics governing the operation of VCSEL are same as other kinds of
semiconductor laser. The high energy current is injected into the active region where
the electron and hole recombine and generate light in the same time. The light is
stimulated emission and become optical mode confined by the optical cavity. In
chapter 1, we have introduced the structure of VCSEL. Because of the gain region
which is shorter than edge emitting laser, thus VCSEL need a more highly reflective

mirror to lasing. In this section, we will discuss the basic characteristics of VCSEL.

2-1-1  Threshold gain

The important parameter of semiconductor laser is threshold gain which can be
derived from the oscillation condition. Laser requires the field keep the same

amplitude after a round-trip and the condition can be given as

gth:ai-i_iln(R IR } (2.1)

top" “bot

where ¢«; is the total internal loss, L is the effective cavity length, and Riop * Ry are
the reflectance of top and bottom mirror. The internal loss ¢; includes the active
region loss «, and rest of the cavity loss «_. For the VCSEL which shows in figure
2.1, the thickness of the active region is thin thus it is not distributed over the entire

effective cavity length L. From figure 2.1, the threshold condition must be modified to

6



the following form

1

\/ Rtop Rbo’( )

We can define I', the longitudinal confinement factor which can be expressed as

04d =, d +a. (L-d)+In( (2.2)

[E*()dz

. d
[ = active ~=2 4 2.3
R 4 @3

cavity
Using equation 2.3 confinement factor modify, thus we can rewrite equation 2.1 as
1 1

1
=a,+—[a,(1-T',)+—In
in r (=) +In( RR

)] (2.4)

From the calculation we can find that the threshold gain is increased significantly with

R:

Lett

R

Fig. 2.1 The structure of VCSELSs.

R R» d L a, a,

0.9985~0.98 |  0.9995 60 nm 2 um 10 cm™ 40 cm™!

Table 2.1 Material loss and reflectance parameters.



Jn (€M)

0.9825 0.985 0.9875 0.99 0.9925 0.995 0.9975 top
Fig. 2-2 Calculation of threshold gain against top DBR reflectance.

2-1-2  Longitudinal Modes.(Axial'Medes) of a VCSEL

The Fabry Perot cavity of a laser:is.a resonator with extremely high energy
stored (high Q) and low losses condition. The frequency which substituting the
condition is called the longitudinal modes or axial modes. But the high-Q condition
does not be hold for all frequencies within the laser emission linewidth, only certain
frequencies fulfill the resonance conditions [5]. The longitudinal modes v can be

derived by Fabry-Perot cavity as follows
C C C

= -~ _g(—— 2.5
V=T 00 C1(2n|_) (2.5)

q

AL Av
2~ _27 2.6
rR (2.6)

/12
A= 2.7
Ry (2.7)

where C is the light velocity, n is the refractive index, L is the cavity length, q is the

2

integral, and L is the longitudinal mode space. For a VCSEL, it is easy to reach

single-longitudinal-mode operation because of the short length of the cavity which



induces a large mode space. But each longitudinal mode comes with a number of
transverse optical modes which could be stimulated due to the considerable width of

the cavity [6]. Detail of transverse mode will be introduced in the next section.

2-1-3  Rate equation

Rate equations have been extensively used for study the relation of photons and
carriers in different kind of lasers. We can study the laser characteristics such as the
L-I and frequency response with observing the injection of carriers and the generation
of photons in active region. In the same way we can analysis VCSEL with the

following rate equations

ON J 2
" ad -R,(N)-Ry (N)+D,V’N (2.8)
oS 1 n
E_{VQFZQ(N)_Z}S+ﬂSP{Tn] (29)

where equation 2.8 is carrier rate equation-and-equation (2.9) is photon rate equation.
In the equation 2.8 N is the carrier density'in' the cavity, J is the external injection

current density, q is electronic charge, d is the thickness of the active region,

R, (N) is the carrier recombination term, Ry (N) is the stimulated recombination
term g(N) is the optical gain in the active region, and D, is the carrier diffusion

constant in the active region. R (N)=N/z +BN’+C, N* where N/z_ is

Aug

Shockley-Read-Hall (SRH) recombination rate, CAugN3 is Auger recombination

which are non-radiation recombination and By N ? is spontaneous recombination rate.

In equation 2.9 S is the photon density in the cavity, z, is the photon lifetime,

p



n . .
By, (T—] is defined as spontaneous rate and f, is the spontaneous constant [7].
n

The various carriers generation and recombination processes are schematically

depicted in figure 2.3. Coupling between photons and carriers is evident

Auger

Joule heating

Carrier

injection

event

Joule

heating
Stimulate

d

Carrier reservoir

Spontaneous

emission

s

Passive

Photon reservoir

Optical
output

region

absorption

Fig. 2-3 Recombination and generation processes in semiconductor lasers.

2-2 The Distributed Bragg Reflector

From section 2-1-1 we have known that VCSEL needs a very high reflector

which is called Distributed Bragg reflector (DBR). DBR is an epitaxial layer on the

top and bottom of the active region. It is grown to be stacks of alternate layers of high

) ) . . . A
index, N, and low index, N, materials is used. Each pair has thickness of ——

4n,,

and L, where A is the wavelength of output laser thus each pair is a periodic

n,

variation.

10



Fig. 2.4 The structure of DBR

2-2-1  Transmission Matrlxmedmd

In this section we will introduce the caleulation method of multi-film structure.

Tk

& 18

We consider an electromagnetic ﬁeld

index. The electric field in the plane o}ui;riféff;éé can be shown as:
E -E; =E;
and
nE’ =nE; +n,E;

We define the reflection and transmission coefficients r and t are given by
and
Substituting equation 2.12 and 2.13 into equation 2.10 and 2.11 then we get

I-r=t

11

) | - L= P
‘\"‘-“ S .:;”i. . . .
incident atan interface with different refractive

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)



and

LLIWE (2.15)
nl

1-r*=

The above two equations can be solved yielding the transmission and reflection

coefficients shown as

t = 2N (2.16)
n, +n,
and
r= n-n (2.17)
n +n,

If n,<n, then r <0 which means that the reflected wave is shifted 180° from

incident wave, this will always be the case for air/semiconductor interface. If

n, >n, then r >0 which means the reflected wave are in phase. The reflectance R

and transmittance T are defined as

— & (2.18)

and

= = . (2.19)

We can use “transmission matrix method” to calculate the reflection of DBR structure
[8].
If we consider electric field transmits from Z; to Z, in the i layer dielectric structure,

as show in figure 2.5 (a) then

Eiow (2) =E ;7 +B, e =E,((2)+E;, (2) (2.20)

and
E . (z)=e"""E(2,) (2.21)
E,(z)=¢">"E, (z,) (2.22)



We can rewrite equation 2.21 and 2.22 in the form of transparent matrix.

R Fe T s

where the matrix ¢ includes for the phase shift through the i layer with index n; and
thickness L, k, =2zn, /A is the propagation constant, and L=1z,—2z . Thus ¢ is
the phase shift due to the distance L.

Now we consider the dielectric interface ( between j and i ) and apply the

conservation of energy, as shown in figure 2.5 (b)
E.((z)+E,(z2)=E((2)+E,(2) (2.24)
and
—NE ¢ (2)+nE, (2)=-NE; (2)+nE;,(2) (2.25)

Then we can rewrite equation (2.16) and (2:17):in the matrix form.

E :L n+n, n=n 1 E; T, E;; (2.26)
Eib 207 0 =N nEn; Ej,b Eip

From the equation (2.23) and (2.26), we'can describe the three layers with the form of

e

[Ezjf (2, )} T {ESJ (z, )} (2.28)

E,0(2) E,»(2)

To recombine equation (2.23), (2.27) and (2.28), we can get the transmittance

transmittance matrix.

and

matrix form as

El,f(zl) _ EB,f(ZZ)
[E ) }—TM@TZ{B } (229)

13



E,(z)— 5 T Eilzn) —
n n n
E,(z)— E,(z,) ~—
Z, Z,

E: IegibvE —
n, n,
E|’b «— Ej,b «—

Fig. 2.5 (b) Wave transmits the interface between n; and n;.

Now we begin to consider a DBR structure consisting of N+ 1/2 pairs with two
quarter wavelength layers alternate index n; and n,. The DBR is between air and
active region with index ny and n, shown in figure 2.6. We describe figure 2.6 with the
equation 2.21 transmittance form as

Bor T[T T 41" T Fa 2.30
E - 20¢1[ 21¢2 12¢1] al E ( . )

0b a,b

14



T, T, T, T, Ty Ta

EOf Eaf
Ko a
No ng | -——————--- N2 | N | ——————--- Na
IEOb =
kOb kab
< N pairs >

Fig. 2.6 Wave propagates in a period of multi-layers consisting of n; and n;.

We calculate the reflectance spectral of VCSEL wafer. Fig 2.7(a) is the
reflectance of top DBR with 99.85% andin figure.2.7 (b) the reflectance of bottom
DBR is 99.95%. Because a part of light will emit from the top BDR, there are fewer
layers in top DBR than bottom DBR. In figure 2.7 (c) the full structure includes top
DBR, bottom DBR and cavity. We can‘find'that there exists a dip near the resonant
wavelength. It is because that cavity length with half wavelength between top and
bottom DBR will cause the resonant wave shift 180°. Thus we get a dip of low
reflectance. Figure 2.7 (d) is considered the number of layers versus reflectance. We
can find the reflectance is high and low alternates with decreasing of layers. When
layers increase the reflectance is gradually stable. This phenomenon is due to

constructive and destructive interference.

15
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Fig. 2.7 (a), (b) and (c) The reflection spectra for 850 nm VCSEL of (a) top 20.5
pairs DBR ,(b) bottom 30.5 pairs DBR and (c) 20.5 pairs top DBR, 30.5
pairs bottom DBR and a cavity. (d) reflectance versus number of pairs.
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2-3  The transverse mode of VCSEL

Transverse mode characteristics of VCSEL can be analyzed by the cylindrical
dielectric waveguide theory, because VCSEL with cylindrical geometry have
transverse confinement structures similar to that of the optical fiber. There are several
models which can describe the transverse mode in VCSEL. In the section we will
introduce the two popular models which are Laguerre-Gaussian mode and linear
polarization mode. These two models are extended in meaning of wave guide. In the
other hand we will also discuss the lateral optical confinement mechanisms and

calculate the transverse mode distribution of ion-implanted VCSEL.

2-3-1  Transverse optical confinementof ion-implanted VCSEL

device

It was mentioned in Chapter 1-that an-oxide-confined and etch-mesa VCSEL
may be approximated as index-guided devices, the characteristics of transverse mode
could be analyzed by assuming the laser cavity as a permanent or building waveguide.
But ion-implanted VCSEL is gain-guided devices which guiding mechanism depends
mainly on current injection to define the pumped region. Thus their transverse optical
confinement from the difference of refractive indexes is very weak even with thermal
lens effect. The injected carriers create an inverted refractive index profile which
tends to defocus the laser mode. At the same time non-radiate recombination of
carriers and joule heating at the current path produces a temperature rise and hence a
refractive index profile which tends to focus the mode thus reduce the losses. Such as

shows in figure 2.8. The quantity An(t) is given by
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Aty = AN + AT 2.31)
oN AT

where the first and second terms represent carrier and temperature induced change in
index. The quantities are on/oN ~—107" cm™ and on/dT ~4x10™* K. Thus for
typical values AN ~10" cm™ and AT ~30 K, the second term in equation which
represents focusing dominates. The change in index due to adiabatic heating is~107.
Thus the thermal induces the change of the refraction is called thermal lens effect [9].
In the oxide VCSELSs, the refractive index is ~ 3.4 in AlyGa, xAs region and 1.6
in the oxidized region, which induces a large index difference near and above the
active region. The boundary effects strongly confine the optical field within oxidized
aperture region in the cavity. Therefore we assume that the optical field is zero at the

boundary of AlyGa;.xAs and ALO; [10]. .4,

8 B\ %
- Injection current -

Fig. 2.8 Distribution of output light and injection current of ion-implanted
VCSEL.



2-3-2  Laguerre-Gaussian and Hermite-Gaussian Modes

We consider the one dimensional properties of a graded-index waveguide
first then we must determine the allowed propagating modes. Thus we need to solve

the wave equation for the graded-index waveguide [11].

2

L+ (kgn*(x) - BE, =0 (2.32)
OX

Assuming that the index gradient extends only in the X direction, and the electric

field is polarized in the y direction. Consider the parabolic profile, described as

2
n*(x) = nj(l—%) for X < X, (2.33)

0

The plot of Figure 4.6 shows how the actual index eventually departs from the
parabolic profile as the graded indexsmeets the substrate index. Substituting Equation
2.56 into the wave equation we get

2 2

E
Y ke s AYE, =0 (2.34)
OX X

Equation 4.18 has well-known solutions called the Hermite-Gaussian functions
W2

X
EY(x)=H,(+2 —exp(—) (2.35)
Where @ is an integer that identifies the mode number and H, is the appropriate

Hermite polynomial defined by

q
H,(X) = (=1)° exp(Xz)C??exp(—Xz) (2.36)

The first three Hermite polynomials in X are

Ho(x) =1
H,(x) =2x (2.37)
H,(X) =4x> -2

The term w is the beam radius (Because we are dealing with a planar field, not a
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cylindrical one, the term radius is perhaps unfortunate in this application). In the slab

waveguide, W is defined through

2X,
kO r]0

W = (

) (2.38)

The electric field propagation factor, 5, are found from Equation 2.34 to be

B =ksns — (29 +l)% (2.39)

0

The values of S for allowed modes of the waveguide are bounded by the cladding

index and the maximum index in the guide which can be described as
keng = B2 >k, (2.40)
Now we consider the two dimensional properties of a graded-index waveguide.

Thus we need to solve the wave equation for the two dimensional graded-index

waveguide then we substitute into.Helmholtz equation and get
V2E +k’ [14(g0° = (95y)" |E=0 (2.41)
where ¢, and ¢, are constants characteristic of the medium which is a graded of

index induced by thermal effect. Using the same way and separated variation method
[12], we can got the 2-D eigenmodes of graded-index waveguide. Expressing the

distribution of f,(X,y,0)(at z=0) with all of the eigenmodes

0

fL06Y,0)= D ag,u, (X, Wy, U, (Y, Wy,) (2.42)
p=0,9=0
Apq = .[ .[ FL (% Y, 0)u, (X, Wo, U (Y, W, JXCly (2.43)

and use orthogonality of the eigenmodes as
I U, (X, Wo U (X, W, )dX = 6, (2.44)

Assuming the transparent distance z, then f,(X,Y,z) can be expressed as
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0GY,2) = ) AUy (X W, U, (Y, Wy, e (2.45)

p=0,=0

B, =k—(p+1/2)g,—(q+1/2)g, (2.46)

We substitute equation 2.43 and 2.46 into equation 2.45 thus get

fz(x,y,2)=%\/ L St e x [ dx'dy" (¢, yL0)K (X, y; X,y (2.47)
z\sing,z sing,z

where

K(x,y;x',y'):exp{—zj2 z(x2—2xx'secglz+x'2)}
W,
" (2.48)
xexp[— J2 cotg,z(y* —2yy'secg,z+ y'z)}
2w,
We can simplify equation 2.47 as
£,06Y,2) = F 0 Y 0B, .5 X', y Hdx ' dy (2.49)

SiS;

This is Fresnel-Kirchhoff integral equation whichi means that f,(X,y,z) is the
diffract light of f,(x,y,0).Then we consider the -electric field distribution on the

reflector mirror M; is described as

i —)y

f0) = w0 (e @s1)
After f (X, y)transmit to mirror M,, we can use equation 2.47 to describe f,(X,y) as
f,06y) = e'kL [ 1.0, yne 2 [(x=x) +(y— y') Jdx"dy" (2.52)
If f(x,y) and f,(X,y) become the resonant mode, they must be satisfied the

resonant condition which is expressed as
Loy =pr' fi*(x y)e ™ (2.53)
where » and y are complex number. The real part is the field intensity decay and

image part is the phase shift induced by reflectance. Substituting equation 3.51 and

3.52 into equation 3.53, then we can get
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1 j j XX '+ ] ]
00w () =—x e [[wxwy el dx dy 254)

Solving the integrated equation with the separated variation method thus we can get

1
w(z)*

S X y
w(z))H p(W(z))Hq(W(Z)
xexp[—jkz+ j(p+q+1)g]

/ 1
Npq = m (256)

where H |, is Hermite polynomial, s is the light beam spot size in the center of cavity,

koo, )
W0 =Ny )xexp[—%( FIR0C 4y

(2.55)

and w(z) is the light beam spot in anywhere of the cavity.

\_//
I M .
3 VW 2

Fig. 2.9 The variation'ef/Gauss light beam spot.

A X A

a

v
N

M2
Fig. 2.10 Fabry — perot cavity.

Now we consider cylindrical ion-implant structure VCSEL which is a gain guide
laser, the current and output power will lead to thermal lens effect, thus this effect will

lead to variation of local index. If we consider the graded-index variation with
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cylindrical symmetry which is g, =0, =09, thus it is convenient for us to use

cylindrical coordinate Xx=rcosd and y=rsind [13]. Then we can express the
index variation with the form n*(r) =n,(1—g’r’) inside the core region (for r<r, ).

In the same way we can derive the same result and find the eigenmodes which

is called Laguerre-Gaussian modes (LG modes). Then we can get f,(r,6,z) become

f,(r.6, Z)——x 92 ey jjr'dr do' f,(r,6,0)K(r,6;r,0")  (2.57)
Az sinQz

where

K(r,0;r',6" = exp{— 5 J ~cot gz[r2 —2rr'cos(8—0")sec gz + r'z]} (2.58)
W

0

and

f,(r,0, z)=” f (£45850)G(r.0;r',60")dr'de’ (2.59)

SiS;
From the resonant condition.we can get.an integral equation and solve it. For

cylindrical coordinate cavity we-can get Laguerte-Gaussian mode shown as

rowm I cosméd
Vo (1,0,2) = Ny () T )X{ . }

( ) W(Z) w(z)>" | sinmé

.k ikt i(2n-
+ J_)rz]xe jkz+j(2n—-m+1)g

2 w(z)2
and
_[(n—m)!
nm (n!)sﬂ_ (260)

where m and n are the mode numbers of radius and azimuthal direction and w is the

diameter of with e of the field intensity of the fundamental mode. In VCSEL

devices, because of short cavity thus S=w(z) is applied. From equation 2.23 we can

find that the difference of index is dominated by the temperature. To ignore the carrier
: S on :
induce anti-guiding effect, we get An= 8_TAT ~4x10™ K. Then we can describe

as
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n(r):n0+An—%x r (2.61)

We calculate the relation of equation 2.61 and show in figure 2.11.

AT =120°K
3.44 |
AT =80°K
3.43 |
3| AT =40°K
3.41 |
-2 -1 1

Fig. 2.11 The variations of refractive index versus different temperature.

The fundamental mode width is-obtained-in the form of equation 2.62 [14] where w is

the radius of the fundamental mode spot

W= 4R2 i
7%:J2(N, +An)x An

(2.62)

Using equation 2.23 and 2.62 can describe the variation of fundamental mode
spot size with increased shown as figure 2.12. We can find that mode spot size is
strong affected by the variation of temperature. When AT is small there is a rapid
drop. It illustrates that only small refractive index change then the laser beam will
confined in the core region. The mode spot size will be gradually stable when AT
more and more large.

From equation 2.60 we can describe the near-field mode intensity which is

given by

l =y, v, (2.63)
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The calculated results of 2-D near-field intensity distribution are shown in figure
2.13 and 1-D intensity profile shown in figure 2.14. From these calculations we can
find that fundamental mode intensity distributes in the center of optical aperture and

the high order modes intensities distribute in the outer region.

2w(um)

10|
| R=75um R=5um
‘\\‘ R=2.5um

25 ATCK)

20 40 60 80 100

Fig. 2.12 The function of fundamental mode spot diameter versus temperature.
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(e) LGy () LGz

Fig. 2.13 Computer calculates the 2-D near-field patterns with fundamental
mode spot radius w = 3 um and core region radius R = 5um.
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Normalize
intensity LGoo LGopi LGoo LGos

é Radius (um)

Fig. 2.14 The normalize intensity distribution of LGgo, LGy, LGoz and LGos
modes are displayed with 5 um core radius. The calculation modes
are individual along itsieolor dash arrows.

2-3-2 Linearly Polarized Modes in a Dielectric Cylindrical

Waveguide

Transverse mode characteristic of VCSEL can also be analyzed by the
cylindrical dielectric waveguide theory. It considers a cylindrical waveguide with a
homogeneous core refractive index n; surrounded by an infinite uniform cladding of

index n, shows in figure 2.15.

>N
o
o
o
=
=
Q

Fig. 2.15 Schematic of a dielectric cylindrical waveguide.
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For cylindrical dielectric waveguide with a very small refractive index difference

between the core and the cladding (i.e., weakly guiding, n, =n,) is valid for VCSEL
[15].
First, we consider the electromagnetic fields U (r,t) propagate along the longitudinal
direction are assumed to have a plane-wave format

U(r,t)=U(r)exp(jot) (2.64)
If we assume a time-harmonic field, the wave equation takes the familiar form

VU (r)+n’k2U(r)=0 (2.65)

In cylindrical coordinate, the Maxwell equation can be modified as

U(r) 1aU(r) 1) &r)
+— +— +
o r o r* o4 oz’

+n’k;U(r)=0 (2.66)

Due to the translational invariance along the z axis, we can assume that the
complex fields propagate along the longitudinal direction is a plane-wave format
expressed as

U(ry 2RO ($) exp(= 42) (2.67)
where B is the longitudinal propagation coefficient or the z component of the
wavevector k. We substitute equation 2.67 into equation 2.66 and use standard

separation techniques to find

AR, RO ey LT ) g
R(r) r R(r) dr O(p) dg

The term 1 is called the separation constant or the angular mode number. Thus we can

rewrite equation as

d’®(g) _
v +I’®()=0 (2.69)
dZRgr)+l dR(r)+(n2k§—ﬂ2—g)R(l’)=0 (2.70)
dr r dr r

Equation 2.70 is Bessel’s differential equation due to its solution is the form of Bessel

function. Equation 2.69 has the solution
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D(p)=cos(lgp+a) or sin(lg+a) (2.71)
where « 1is a constant phase shift and assume its value is zero. For step fiber
waveguide has a core of radius with higher index nc. a surrounded by a cladding

with lower index ngjag.

2 2

IR RO 4 (2 k2 - 2 = )R =0 O<r<a @72
dr r dr r

d’R(r) 1 dR(I’) 12
dr? +F dr +(Ngeaks = A7 —F)R(I’):O r>a (2.73)

The propagation coefficient S must be satisfy k,n,, > £ > KN4, thus equation

2.72 is the Bessel functions of the first kind of order 1 and equation 2.73 is the Bessel

function of the second kind of order 1. To simplify the equation above, it is convenient

to define
K = (N Ky — BAxE= (NG f= ik, xa® (2.74)
7/2 = (ﬂz cladk )Xa = (n _ clad )k2 Xa (2-75)
\/K‘ +7/ =k a\/n \/n —n (2.76)

Yy =K, — K (2.77)

Substituting equation 2.74 and 2.75 into equation 2.72 and 2.73
dzR(r) 1.dR(r) 1

p (———)R(r) 0 0<r<a  (2.78)
dr r dr

dzRgr)JrldR(r)_(}/ Iz)R(r) 0 a 2.79)
dr r dr

The solution of equation 2.80 and 2.81 are the family of Bessel functions

R(r) = AJ, (’%) O<r<a (2.80)

R(r) =CK,(%r r>a (2.81)

To derive the characteristic equation, we apply the boundary conditions. At the

core- cladding boundary (r = a) require that the field should be continuous and apply
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the weakly guided approximation. To satisfy theses two conditions, the characteristic

equation is obtained

« ‘Jj—l(K) +y Kj—1(7) 0
J;(x) K; ()

(2.82)

where J(x) and K(y) are Bessel function and Hanker function which has the

relations J_;(x)=(-1)J;(x) and K_;(y)=K;(y).

The intensity distribution function ., (r,¢) is given by
sin’(mg) | I (k,,F /T,
l//mn(ra¢)zcmn'{ M

cos’(Mg)] Iy (Kpp)

l//mn(ra ¢) = Cmn {

cos’(mg)]  Ki(7m)

sm«m@}M

r<r (2.83)

co

r>r (2.84)

co

where C_, is the normalization ceefficientsn k. 1sthe radius of the VCSELSs core.

The eigenvalues x.,, and y, - are obtained by solvihg the eigenvalue equation

Radius (um) Core index Clad index

K

max

K

2.5 3.55 3.548 8807.32

6366.37

Table 2.2 The parameters of LP mode calculation.
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Fig. 2.17 The intensity distribution of LPg;, LP11, LP,1, and LPy, modes are
displayed the core radius is 2.5 um.
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Chapter3
Single fundamental mode VCSEL from surface

modified DBR reflectance

Form chapter 1 we have known that the advantages of single mode
VCSELs .Many techniques for single mode VCSELs have been developed. Previous
attempts in increasing single mode output power include external reflectors and other
optical elements, for example, microlensed structure, multi-oxide layer structure, long
monolithic cavity structure, antiguiding structure, graded-index lens structure, surface
relief structure and impurity-induced disordering DBR structure [16]. In this section,
we will discuss surface relief structure,and zinc diffusion induced heterojunction of

DBR disorder.

3-1 VCSEL with shallow ‘etched surface relief structure

Surface relief is an effort to control the transverse modes behavior of VCSEL.
It was designed to suppress the higher order transverse modes. By etching a shallow
circular ring in the output power window of the top DBR we can modify the
reflectance. When we remove material from the top DBR the reflectivity is altered. By
choosing the etched depth and relief diameter carefully, we can tailor the cavity
properties in such a way to selectively discriminate against unwanted modes. A
circular shape is chosen for the relief because that this will match the circularly
symmetric profile of the cylindrical cavity mode [17].

In order to successfully optimize the single fundamental mode output,
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information about the overlap between the relief geometry, mode profiles, and the
gain distribution is needed. In section 2-3 we have simulated the transverse mode
relative intensity distribution with the radius direction. In order to the fundamental
mode retain most of its intensity within the low optical loss region we often design the
relief radius to be equal to the 1/e of relative strength of fundamental mode [18].

In section 2-2 we also have discussed the theory of DBR reflectance thus we can
use the characteristic of destroy interference to reduce the local DBR reflectance and
increase the local optical loss. Fig 3.1 (a) is the reflectance variation with the
increasing etching depth and Fig 3.1 (b) is the function of threshold gain versus the
etched depth. We can obtain the first minimal reflectance and maximal threshold gain

is at the etched depth around 86 nm from the top DBR surface.
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(b)
Fig. 3.1 (a) The reflectivity as a function of the etched depths in the top DBR.
(b) The calculated threshold gain as a function of the etched depth in
the top DBR.

3-2 Surface Zinc diffusion to suppress high-order

Transverse modes

Zinc enhance AliGa; As/GaAs interdiffusion has been reported, such as
impurity diffusion for edge-emitting lasers fabricated by impurity-induced disordering,
bonding by atomic rearrangement, to join dissimilar semiconductors, zinc diffusion
for low-resistance mirrors and, regroun over etched pillar vertical cavity lasers. These

applications of zinc diffusion can result in high-performance optoelectronic devices.
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3-2-1  Temperature induces Al,Ga; ,As/GaAs inter-diffusion

High temperature induces the concentration of aluminum and gallium of
AliGa; xAs/GaAs hetero-junction or super-lattice redistribute thus the interface of
AliGa; xAs/GaAs to be disordered has been reported [19]. Such phenomenon is
called inter-diffusion. During a high-temperature process the aluminum and gallium
get enough kinetic energy and left their original site away. In 1980, Chang and Koma
pointed out the AlAs/GaAs inter-diffusion coefficient is in the range of 10" ~ 107'*
cm® s at 800 ‘C and 10"* ~ 10™"° cm® s at 1100 °C. To model the inter diffusion
of Al and Ga in a DBR, P. D Floyd and J. L. Merz solved Fick’s equation with a

constant inter-diffusion coefficient Dajg, expressed as

OX 4
ot

OZXAl
07°

3.1)

= Dyica
According to our DBR structure, we set the‘initial condition of a square well Al mole
fraction profile Xai(z,0) shown as  figure' 3.2 (a) where L, and L, are the

thicknesses of Al 1,Ga, g3 As and AlAs . The final condition which can be defined as

X pi(2,00) = Lo X t L X, (3.2)
Lg +L,

which shown in figure 3.2 (b).
The boundary condition can be given by

Xa(z, )= X, (2+T,1) (3.3)
The general solution for the Al profile in the mirror is given by

Xy (2,1) = X (Z,0) +£(XZ -X B)Zlcos(nﬂ) X sin(mZLZ )cos(zmz)
V2 N T T (3.4)

2r
x exp[—()"nLp ]
T
where Ly =D, st 1s the diffusion length [20]. Figure 3.3 are the calculation of

temperature induced Al-Ga inter-diffusion.
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Fig. 3.2 (a) The initial condition 6f X, (z,0) mole fraction.

Xa Mole fraction
1.2 -

0.6 |
0.4 |
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Fig. 3.2 (b) The final condition of Xa (z,20) mole fraction

We use the relation and table 3.1 to describe the refractive index as a function of
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the depths shown in figure 3.6 (c).

n2=A+%2EiC—mg [21] (3.9)
GaAs Al,Ga;  As
A 10.9060 10.9060-2.92x
B 0.97501 0.97501
C 0.27969 (0.52868-0.735x)> for x < 0.36
(0.30386-0.105x)°  for x > 0.36
D 0.002467 0.002467 (1.41x+1)

Table. 3.1 Sellmeier coefficients for refractive index calculation in Al,Gaj_,As.

os]

Al mole fraciton
o
(o)}

0 100 200 300 400 500 600 700
diffusion length (nm)

Fig 3.3 (a) The variation of Al mole fraction with different diffusion time.
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Fig. 3.3 (b)The variation of refractive index-with different diffusion time.
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Fig 3.3 (c)Calculation of reflectivity spectra with different diffused time.
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3-2-2  Diffusion Zn enhance Al,Ga;.,As/GaAs inter-diffusion

From last section, we obtain the inter-diffusion coefficient which only caused by
temperature is quite small. Thus we diffuse impurity zinc to enhance the rate of
AlyGa; xAs/GaAs inter-diffusion [22].

There are several models to describe the impurity induced disordering. All are
based on the fact that Zn diffuses via the interstitial-substitutional mechanism in
AlxGa; xAs semiconductors [23]. Zn moves as interstitial donors (an) and after
incorporation on to the on to the group 3 sublattice forms substitutional acceptors
(Zng). Two different mechanisms have been proposed for the incorporation of

interstitial Zn into the substitutional site. The first is the “dissociative” mechanism

Zn + Vg cay €405 +20° (3.5)

where V,, ;, and Zn; represent a vacancy and a zinc atom on a group 3 site ( i.e.

either an aluminium or a gallium site ) and h is+a hole. This mechanism involves

group 3 vacancies. The second is the “kick-out” mechanism

NS < Zng + 155 cay +207 (3.6)
which involves group 3 interstitials 1, , ¢, - From equation 3.6 the group 3 interstitial
is created directly by an interstitial Zn moving into a group 3 lattice site through the
kick-out mechanism. Since the substitutional Zn; concentration due to Zn diffusion

in Al,Ga;As is typically =5x10" cm™ thus the Zn-diffused regions will contain a
high concentration of group 3 intersitital defects [24]. These two mechanisms of zinc
diffusion are shown in figure 3.5 (a), (b), and (c).

The dissociative mechanism also exist group 3 atoms inter-diffusion. For Al-Ga

inter-diffusion we have
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Al 0.12Ga0.88AS <

AlAs

Ga, © Ga, + (Al + Ga, ) & ( Ga,+ Al) + Alye Al (3.7)
and an Al atom has moved.

Ga; & Ga; + (Al, + Al)) & ( Ga; + Aly) + Al; & Al (3.8)
and an interstitial Ga atom has exchanged with a subsitutional Al atom, promoting an
Al [25]. The inter-diffusion is shown in figure 3.5 (d), (e), and (f).

It was suggested that the vacancy part of the complex could take part the
self-diffusion process i.e. that the presence of the zinc could effectively increase the

concentration of group 3 vacancies and hence aid inter-diffusion
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Fig. 3.4 The kick-out, interstitial, and substitutional mechanism of zinc diffusion.

We use selective Zn diffusion throtéh‘ tqp DBR then impurity will induce the
disordering of the aluminum mole fractibh. In opti‘cal characteristic this impurity
induced disorder will cause tl;e deéféaée of the ‘reflectivity. Owing to increased
interstitial defects Al Ga;.<As/AlAs héterojunction disorder is localized to the Zn
diffusion regions [26]. We consider each site has different zinc enhance inter-diffusion

time and assume the effective zinc diffusion coefficient Dz, = 500 nm?/s in

AlGa;As [27]. All of the calculated parameters are shows in table 2.1.

Diffusion 8 min 16 min 32 min 60 min
time (min)
Diffusion 490 nm 693 nm 980 nm 1342 nm
length (nm)

. 5 2 2
ch enhance ex60_ 2 165602 12%60- 2 60><60—Z—2
fime t (z) 500 500 500 500

Table. 3.2 The parameters of Zn enhance inter-diffusion.

Figure 3.5(a) shows the Zn diffusion depth versus Zn enhance inter-diffusion
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time. Combining this relation with equation 3.4 and assuming the -effect
inter-diffusion coefficient Daiga = 0.4 nm?/s with 600°C we can calculate the
variation of Al mole fraction with zinc enhance inter-diffusion. Figure 3.5(b) is the
profile of Al mole fraction with the zinc diffusion. The longitudinal axial is aluminum
concentration and transverse axial is the depth of DBR. We observe that the variation
of aluminum mole fraction is more violent near the surface and is gentle in the deeper
location of the DBR with diffusion time. The refractive index and the reflectance of
top BDR will be changed in the same time. Then we use the transmit matrix which
has discussed in chapter 2 to calculate the reflectance spectral of top DBR with
different diffused time. Figure 3.5 (d) is the calculated reflectivity spectra for a 20.5

period Aly 12Gag ssAs/AlAs DBR for several.
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Fig. 3.5 The calculation of Zinc .enhaces 20.5 Alp1,GagssAs/AlAs DBR(a)
calculation of the Zn enhance inter-diffusion time with different site, (b)
Al mole fraction as a function of diffusion length and different diffusion
time, (b) refractive index as a function of diffusion length and different
diffusion time, and (d) calculation of reflectivity spectra with different

diffusion time.
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Chapter4

Experiment

4-1 The experiment of zinc diffusion and shallow surface etching
Before the fabrication of VCSEL devices, we do several experiments to compare
the reflectance of zinc diffusion and shallow surface etching. Thus we can choose the
best condition to fabricate VCSEL devices.
4-1-1 The experiment of zinc diffusion
We use the most common way to control the atmosphere where a diffusion
experiment is carried out is using the so-called closed ampoule. A schematic of a
closed ampoule is shown below. A plug is formed in a similar fashion using tubing
with a slightly smaller outer diameter than the inner diameter of the shell. Desired
diffusion source (zinc and arsenic) and text-wafer are placed in the ampoule shell at
the sealed end. The plug is then inserted and using vacuum pump to carry out the
atmosphere which maintains at 4x10~° torr .Then a seal is made between the plug

and shell using a hydrogen-oxygen torch.

- -~

Fig 4.1 Schematic of sealed ampoule with gray semiconductor diffusion sample
sealed in small volume.

Figure 4.2 and 4.3 are the SEM profile of 8 min and 16 min zinc enhance inter-
diffusion. We can find that the heterojunction of DBR is more disordered near the

wafer surface and the degree of disorder is diffused 16 min larger than 8 min.

46



SEI 15.0kv X23000 1um WD 12.1mm

SEl 15.0kv >23000 1pm WD 11.7mm

(b)
Fig. 4.2 SEM observations of the VCSEL sample, (a) after Zn diffusion 8 min (b)
after Zn diffusion 16 min at 600 C.
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We also measure the reflectance spectral of 8 min, 16 min and non diffused
wafer shown as figure. From the reflectance spectral we find that the longer diffused
time has lower reflectance. From figure 3.6 (d) we find that the longer diffused time
has the lower reflectance and smaller stop band. From figure 4.2 (c) we observed that
there is an amorphous film adhere to the surface of wafer. Figure 4.3 is the zinc
diffusion of top DBR with 8 and 16 min diffusion time in the quartz ampoule along
with the elemental arsenic for overpressure and zinc powder. We can obtain the

reflectivity and stopband width is decreased with diffusion time is increased.

—— Nondiffusion
—— 8 min
16 min

1.0 1

0.8 —

E

0.4 -

0.2 - > J

0.0 +

Reflectance

| ! | ! | ! | ! | ! | ! | ! | ! | ! |
740 760 780 800 820 840 860 880 900 920
Wavelength (nm)

Fig. 4.3 The reflectance spectral of 8 min, 16 min, and zero diffused time.
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4-1-2 The experiment of shallow surface etching

The first layer of our VCSEL watfer is GaAs capping layer (=110nm). We use
ICP ( Inductively coupled plasma ) to etch the top DBR surface. From the calculation
of figure 3.1 (a) we can find that the first local minima reflectance is about at the
depth of 85 nm. The recipe of ICP is that 5 min can etch 1500 A GaAs film. From the
recipe we can forecast that it needs about 130 sec to arrive the designed depth 85 nm.
Figure 4.4 is the reflectance spectral with different etched time. We find that it is the
local lowest reflectance with 130 sec etched time. At 120 sec and 140 sec etched times
we find that the reflectance is clearly increased. This phenomenon matches with our

calculation of figure 3.1.

140-and 120sec  130-sec
—— 120 sec
—— 120 sec
1.0+ 120 sec
—— 130 sec
08 130 sec
— 130 sec
140 sec
© 0.6 — 140 sec
e ——— 140 sec
8
[&]
2 0.4+
[}
x
0.2
0.0

I T I T I T I T I T I T I T I T I T 1
740 760 780 800 820 840 860 880 900 920
Wavelength (nm)

Fig. 4.4 The reflectance spectral of 120 sec, 130 sec, and 140 sec etched time.
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4-2 Specific Process step of fabrication of VCSEL devices
1.

Watfer Clean : ACE(Acetone) 5°, IPA(Isopropyalcohol) 2°, B.O.E 5’
SiO, Deposition PECVD 2800 A
Lithography . Baking 100 °C 5’

Photoresist 500 rpm 5, 2000 rpm 25
Exposure 107

Develop 1’307 FHDS5

Baking 120 °C 10’

SiO; Etching : ICP

Remove PR ; ACE 10°,IPA 2’
2.

Si3N4 Deposition PECVD 1000A
Lithography ; Baking 120°C

Photoresist «* 500 rpm:57, 2000 rpm 25
Exposure 1 4”

Develop 1’307 FHDS5

Baking 120 °C 10’

SiNx Etching : 1CP 3°40”
Remove PR : ACE 10’,IPA 2°
3.
(1) Zinc Diffusion
Clean quartz : HF 10
Baking 120’
Stuff : Zn/ As , wafer
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(2) Surface relief

Surface etching

Clean

Lithography

Clean

Evaporation

Lift off

Evaporation

Annealing
5.

Lithography

Implantation
Remove PR

ICP 2’10

ACE 5,

2

IPA 22

Baking 120 C 5
500 rpm 57, 3500 rpm 25
Baking 100 C I’

Photoresist

Exposure 4"

Baking 120 C 2’
Exposure 35
Develop 40~
Baking 120C

CH3COOH /NH/F/H,O 1°

Ti/ Pt/ Au

~3800A ' =( p - contact )

ACE .5, IPA . 2°

Ti/Pt/ Au

420 C 5

2

~3800A (n - contact)

Baking 120 C 5’

Photoresist
Baking 120 C 5
177
Develop 3’30~
Baking 120 'C 10’

Exposure

H™ 10" cm?

ACE 5,

51

1000 rpm 3”7, 4000rpm 357

IPA 27, H,SOq4

230 and 300 keV

3’ (heating 40°C )
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Fig. 4.5 The process procedures of the device with the (a) oxide deposition,
(b1)(b2) shallow etch and zinc diffusion, (c1)(c2) metal evaporation,
(d1)(d2) ion implantation, and (el)(e2) the complete VCSELSs.
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(b)

Fig. 4.6 The top view images of the devices (a) the surface relief structure and
(b) the Zn diffusion structure.
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4-3 Failure analysis of 850 nm VCSEL

The VCSEL device series resistance is mainly determined by the p-ohmic
contact and p-DBRs, the detradation of I-V characteristics ought to come from the
degradation of these two parts. We measure the I-V curve before ion-implant shown in
figure 4.6 . This diagram tells us that the series resistance are about 16.9 and 34 ()
of surface relief and zinc diffusion structures. The resistance of zinc diffusion VCSEL
is larger than surface relief structure. The most likely explanation is that the diffusion
VCSEL is grown an amorphous film when we use a hydrogen-oxygen torch. Thus the

series resistance is increase.

— Zinc diffusion
— Surface relief

R= 340

Voltage (V)

0 10 20 30 40 50 60 70 80 90
Current (mA)

Fig. 4.7 Measurements of VCSELSs I-V curve with the surface relief
structure and the zinc diffusion structure.
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After ion-implanted and 10 min annealing we find that the [-V characteristic
of VCSEL devices are almost open circuit. This indicates that the series
resistance of device is much larger than non ion-implant. The electrical
degradation is believed to be the damage of p-ohmic contact and p-DBRs.
Because excessive vacancies are produced by proton bombardment at the region
of metal-semiconductor interface and the vacancies distribution also has a long
tail covering the most of p-DBRs. These vacancies will affect the
electro-migration processes and cause the long term degradation of ohmic
contact then give rise to the gradual increase in device series resistance.

We found that there are still devices with smaller series resistance such I-V
curve shows in figure 4.8. These devices are with ion-implanted aperture 25 um
and contact aperture 18um. Our inference is that owing to the larger undamaged

metal-semiconductor interface.

2.0+

1.5

1.0 1

Voltage (V)

0.5+

0.0+

-0.5

T T T T T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010
Current (A)

Fig. 4.8 Measurement of VCSELSs I-V curve of surface relief structure with
ion-implanted aperture 25 um, contact aperture 18 um and surface
relief diameter Qum.
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We also measure the L-I curve shows in figure 4.8. We find that the output power
is the characteristic of light emitting diode. The phenomenon is due to the large

optical loss caused by top DBR shallow etched

0.05
0.04
=
E
~  0.034
Qo
=
(@)
o
§_ 0.02
S
O
0.01
0.00

I ' I { I . I N I ' I ' I
0.000  0.005- 0.010 -~ 0.015" '0.020 0.025  0.030
Current (A)

Fig. 4.9 The L-I curve of surface relief structure with ion-implanted aperture 25
um, contact aperture 18 um and surface relief diameter um.
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Chapter5

Conclusion

We fabricated 850 nm ion-implanted VCSELs with surface relief and zinc
diffusion adjustment. The DBR threshold gain, DBR reflectance, and near field
patterns were calculated. Optical characteristics of structures with shallow etched
surface and zinc diffusion onto DBR were simulated.

We have calculated the threshold gain and found that the reflectance of top DBR
decrease from 0.9985 to 0.98 then threshold gain will rapidly increase from 825 cm™
to 4853 cm™. We derived Laguerre-Gaussian mode and linear polarization mode to
calculate the distribution of mode intensity. The relation of mode spot size versus
temperature was also concerned: We find the temperature will cause refractive index
gradually reduce from the center to edge of the core..The mode size will gradually be
a constant.

We used shallow surface etched and zinc diffused to reduce the reflectance of
DBR. In the shallow surface etched structure, we find that the reflectance is not
gradually decrease with the etched depth. The first local minimum reflectance is at 86
nm. We used ICP to shallow tech the DBR only 120, 130, and 140 seconds then
observed the reflectance decreased and etched 130 seconds the reflectance has local
minimum. In Zn diffusion structure, diffuse zinc to enhance the inter-diffusion and
increase AlyGa;As/AlAs disorder rate. In 600 ‘C quartz ampoule, we diffused 8
min and 16 min, then we find the reflectance decrease to 0.8 and 0.6. Because an
amorphous films are on the DBR the reflectance is lower than that we calculated. We
used the two methods to fabricate single mode VCSELs. We have measured 15€) and

34Q) series resistance before ion-implanted process. Because of the large series
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resistance of VCSELs after the ion-implanted process, almost devices can’t work. We
measured the other devices and found that the characteristics of output power are
LEDs. The maximum output power is 0.04 mW. It may be caused by the decrease of

reflectance and increase the threshold gain. Thus these devices are not easy to work.
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