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Taking into account oxidation temperature, Ng carrier gas flow, and the geometry of the mesa structures this

paper investigates the characteristics of selective oxidation during the fabrication of the vertical cavity surface emitting

laser (VCSEL) in detail. Results show that the selective oxidation follows a law which differs from any reported in the

literature. Below 435°C selective oxidation of Alp.9gGag.o2As follows a linear growth law for the two mesa structures

employed in VCSEL. Above 435°C approximately increasing parabolic growth is found, which is influenced by the

geometry of the mesa structures. Theoretical analysis on the difference between the two structures for the initial

oxidation has been performed, which demonstrates that the geometry of the mesa structures does influence on the

growth rate of oxide at higher temperatures.
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1. Introduction

Vertical cavity surface emitting lasers (VCSELs)
have emerged as attractive light sources for vari-
ous applications in optical communication, optical
interconnects,!!! laser printing, and optical storage due
to their low-cost fabrication and packaging, low drive
currents, low divergence circular beams, and the pos-
sibility of integrating VCSELs in 1- and 2-D arrays for
parallel links. Oxidation of the AlAs (or AlGaAs with
high Al content) layer has evolved into a key technol-
ogy in fabrication of high-performance VCSELs.?~4
The oxide provides both current confinement and in-
dex guiding, and produces the lowest threshold!! and
highest efficiency®6) VCSELSs ever reported.

There exists considerable controversy as to
whether or not oxidation follows a linear or parabolic
growth rate.["=9 Linear growth rates were reported for
selective oxidation of AlygsGag.g2As.8] Meanwhile,
it has been reported for selective oxidation of AlAs
that the initial oxide growth is linear with time and

http://www.iop.org/journals/cp http://cp.iphy.ac.cn

converts to parabolic growth with increasing oxide
thickness.[?) Alonzo et al reported the effect of cylin-
drical geometry on the wet thermal oxidation of AlAs,
but they did not take into account temperatures. We
have fabricated GaAs-AlGaAs VCSELs and charac-
terized their static properties by using a perforated
ring (PR) instead of a ring trench (RT) as the lat-
eral oxidation window.['%! In this paper we employed
partial oxidation of the Aly.9gsGag g2 As layer in the dis-
tributed Bragg reflector (DBR) mirror stack to form
the current aperture. Characteristics of the selective
oxidation are discussed in detail by taking into ac-
count oxidation temperature, Ny carrier gas flow, and
the geometry of the mesa structures, and our own re-
sults have been obtained.

2. Experiment

The VCSEL wafers used in this study were grown
by molecular beam epitaxy (MBE) technique on n™
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GaAs substrates. The bottom Bragg reflector con-
sisted of 34 n-type Si-doped Al 9Gag.1As/GaAs pairs
with quarter-wavelength-thick layers. The active re-
gion contained a GaAs—AlGaAs based three-quantum-
well in a one-wavelength cavity for 850nm emission.
The top Bragg reflector consists of 24 p-type C-
doped Aly.9Gag.1As/GaAs pairs. A Aly.gsGag.o2As
layer used for the subsequent selective oxidation was
placed in the fourth quarter-wavelength layers above
the active region. Test wafers with similar structure
were repeatedly grown and characterized by photore-
flectance and photoluminescence spectroscopy until
the precise growth conditions and epitaxial structure
are achieved.

RT

(a)

aperture
@ v

Fig.1. Sketches of mesas with RT and PR.

During fabrication of VCSELs, mesas with dif-
ferent geometry (RT and PR, shown in Fig.1) were
defined by photoresist and etched by chemically as-
sisted reactive ion beam etching (using Cly /BCls)
down to the active layer. The exposed Algy.9sGag.g2As
layer was oxidized at temperatures ranging from 350
to 458°C in the N3/H20 atmosphere. Dry Ny with
a constant flow of 1.4 liter per minute was used as
carrier gas for HoO vapour. The saturated No+HoO
gas was preheated in a capillary at the bottom of the
quartz tube to ensure thorough adaptation to the ap-
plied oxidation temperature at the sample. In-situ
thermal annealing was done in nitrogen environment
for 50 min to reduce the dislocation and defects, also in

favour of the removal of the volatile productions such
as As and As;O3. A cross-section scanning electron
micrograph of a selectively oxidized wafer is shown in
Fig.2. No dislocation or other crystalline defects are
apparent along the oxide—semiconductor interface or
near the oxidation terminal.

e L

Fig.2. Cross-section scanning electron micrograph of
a oxidized wafer.

3. Results and discussion

3.1. Growth dependence on time and
temperature

The extent of the selective oxidation of a buried
Alp.9sGag.g2As layer within a DBR mirror is plotted
in Fig.3 and Fig.4. They show the lateral oxidation
depth w versus oxidation time t at temperatures rang-
ing from 350 to 458°C. An approximately linear be-
haviour of the oxidation depth dependence of time is
observed for lower temperatures (below 435°C), which
is in agreement with Ref.[8]. The oxidation rate of
mesas with RT is about 1.5pum/min at 435°C, faster
by 0.27pm/min than mesas with PR at the same tem-
perature. For both mesa structures, approximately
parabolic behaviour is found for higher temperatures,
but there is a different manner between the two ge-
ometry mesas for the initial growth. We explain this
in Section 3.3.
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Fig.3. Measured selective oxidation depth versus time
for mesas with RT at temperatures ranging from 350

to 458°C.
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Fig.4. Measured selective oxidation depth versus time for
mesas with PR at temperatures ranging from 350 to 458°C.

The selective oxidation is known to be very sensi-
tive to temperature.[?'1] According to Fig.5, the selec-
tive oxidation rate increases with rising process tem-
perature. Between 350°C and 435°C, the oxidation
rate increases by a factor of 10. Therefore, higher tem-
peratures result in a substantial reduction of the oxi-
dation time which is necessary to produce a required
oxide aperture.
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Fig.5. Plot of oxidation rate versus temperature for
mesas with PR.

3.2. Dependence on N, carrier gas flow

Figure 6 shows the relationship between the car-
rier gas flow rate and the oxidation rate for 440°C.
The water temperature was maintained at 92°C. The
oxidation rate increases rapidly with increasing carrier
gas flow rate in the small flow region. It then tends to
become constant, independent of the carrier gas flow
rate. The critical point is 1.27L/min. This means that
in order to obtain an oxidation rate independent of the
carrier gas flow rate, the carrier gas flow rate should
be higher than 1.27L/min for 440°C. The critical gas
flow rate increases for higher process temperature.
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Fig.6. Plot of oxidation rate versus the carrier gas
(N2) flux for mesas with PR.

3.3. Dependence on geometry of the
mesa structure

As shown in Fig.3 and Fig.4, at lower temper-
atures selective oxidation of AlyggsGag.g2As follows
a linear growth law for the two mesa structures,
and at higher temperatures approximately increasing
parabolic growth is found. In both circles and squares,
the surface area of the oxidation front decreases as the
oxidation proceeds, and this geometric effect causes

an increase in the oxidation rate.'?]

However, at rel-
atively low temperatures the thermal movement of
ions and molecules (O3 ,02,H20) is too slow to en-
able enough diffusion through the oxide. So geometry
of the mesa structures has slight effect on oxidation
rate. Conversely, there is an adequate supply of the
reactant at the oxidation front at higher temperatures
in spite of the increasing oxide length. Thus, we can
see that geometry of mesa has a significant effect on
the time dependence of the oxidation process at higher
temperatures. For the mesa with RT, oxidation rate
rises with increasing curvature of the oxidation front

at higher temperatures. We would like to point out
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that a similar effect is both expected and observed for
the mesa with PR, another VCSEL configuration we
employed, in spite of the different time dependence of
the oxidation. In fact, from our experiment (shown in
Fig.3 and Fig.4), the initial oxide growth of mesas with
PR proceeds in a much different manner from that of
mesas with RT. The observed difference between them
can be explained theoretically as follows.

We take the oxidation time to be the sum of the
time required for reactant atoms to diffuse into the
oxide-semiconductor interface and the time required
for the atoms to react at that interface:

toxidation - tdiffusion(Dv LC()) + treaction (Kv l‘o). (1)

Where K is the parameter relevant to the reaction
rate, given by Eq.(3), D is the diffusion constant for
oxygen in the oxide film. The oxidation time can also

be expressed as!!?
2
i) xo
t=—+— 2
%y (2)
K = R/po, (3)
kp = 4D[Erf~1(0.5)]%. (4)

where xg is the length of oxide formed, R is the re-
action rate (in units of atoms per unit time), p is the
concentration of oxidant molecules in the oxide, and
o is the outside surface area of oxidation front of the
mesa. For lower temperatures kp is very small and
the second term on the right-hand side of Eq.(2)is very
large, so K has no obvious effect on the total time ¢.
Conversely, kp is larger for higher temperatures and
the first term in Eq.(2) contributes to the total time ¢

obviously, i.e. the effect of K on the total time ¢ cannot
be ignored. For a steady-state process, we assume that
R and p are constant at higher temperatures: i.e., in-
dependent on the distance from the interface with the
ambient. In the case of mesas with RT ((a) of Fig.1),
o, the surface area of oxidation front, decreases as the
oxidation proceeds. According to Egs.(2) and (3), the
oxidation rate increases as the oxidation front closes
to the centre of the mesa. In the case of mesas with
PR ((b) of Fig.1), the oxidation toward the centre of
the mesa starts from multiple separated holes. Thus o
increases for the initial oxidation until multiple sepa-
rated oxidation fronts get touched and decreases as the
oxidation proceeds, leading to the curve of oxidation
rate going down for the first minutes and then going
up for the rest of the time. Therefore, we can see the
geometry of mesa structures distinctly influence the
oxide growth rate at higher temperatures.

4. Conclusion

We present results of our studies of lateral oxi-
dation of Aly.9sGag.g2As layers in VCSEL structures.
The oxidation follows an approximately linear be-
haviour for lower temperatures (below 435°C) and in-
creasing parabolic behaviour for higher temperatures.
The selective oxidation rate increases with rising pro-
cess temperature. Between 350°C and 435°C, the ox-
idation rate increases by a factor of 10. From the dif-
ferent manner between the two geometry mesas(RT
and PR) for the initial growth, we demonstrate that
the geometry of mesa structures distinctly influences
the oxide growth rate at higher temperatures.
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