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temperature of circa 550 °e. This method works well for wet-etched mirrors, but fails for dry
etched mirrors. A new sealing method has been developed and is based on this 'Huffaker
method'. Where smooth interfaces are obtained after wet-etching, it is known that dry-etching
is more aggressive revealing corrosive and contaminated side walls due to a sputter-effect. In
the new sealing method the corrosive and contaminated side walls are 'cleaned' by a dip in a
diluted wet-etch solution. An annealing step afterwards yields an effective seal.
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CHAPTER 1

Introduction

The first working semiconductor lasers were demonstrated in 1960 and room temperature
operation was first achieved in 1970. Since then, the semiconductor laser has advanced
enormously, since and plays an important role in the life of the 1990s. Lasers are used in
optical telecommunication systems, the read-out for Compact Disc players, and for barcode
reading in our supermarkets.

The conventional laser (depicted in figure 1.1.a) has several annoying properties, which
concern their size (large (- 300 Jlm), compared to submicron transistors), surface treatment of
cleaved mirror facets and light output characteristics (in-plane output, high divergence,
elliptical beam and low single-mode fiber coupling efficiency).

The introduction of the Vertical Cavity Surface Emitting Laser (VCSEL, depicted in figure
l.l.b) solved a lot of these problems. VCSELs have a lateral dimension in the order of 2-20
Jlm and use built-in Distributed Bragg Reflectors (DBRs), grown by Molecular Beam Epitaxy
(MBE) or Metal Organic Vapor Phase Epitaxy (MOVPE). The emission is vertical to the
underlying substrate, enabling on-wafer testing which enhances the manufacturing efficiency
significantly. An additional advantage of the VCSEL is the circular and low divergent output
beam, increasing the coupling efficiency to single mode fibers to more than 90%.

Where the conventional laser produces its light output parallel to the underlying substrate, the
VCSEL generates its light perpendicular to the substrate surface, making it possible to process
individually addressable two-dimensional semiconductor laser arrays.

- n-metal back contant

- GaAs-Substrate

- Active region

~~~~~ - Bottom DBR

1§§§~ - p-metal ring contact

f: - topDBR

Figure I.l.a: Conventional semiconductor laser Figure I.l.b: Vertical Cavity Surface Emitting Laser
(VCSEL)

Two major disadvantages of the VCSEL compared to the conventional laser are the increased
difficulty of processing and the lack of polarization selectivity.
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At the Eindhoven University of Technology projects have been aimed at the design and
fabrication of these VeSELs. The first VeSELs produced are VeSELs with the current
injected through the DBRs, [86]. M. ereusen developed an intra-cavity contacted VeSEL
which bypasses this problem, [76], which is depicted in diagram 1.2. Lower electrical contact
resistance is to be expected, resulting in lower threshold currents and higher maximum output
powers.

.;,.'. ; "

top- '1~~~:contu:t (P))

Fig 1.2.a: Schematic cross-section of the first fabricated
VCSELs at the EUT ([81])

Fig. 1.2.b.: Schematic cross-section of intra-cavity
contacted design with current confinement ([76])

In the intra-cavity design the carriers are injected into the active region using two doped
contact-layers on either side of the active region. To force the current into the center of the
active region an extra current confinement is necessary which is formed by oxidizing two
AlAs-layers adjacent to the active region by wet selective oxidation.

This report deals with three important aspects ofVeSELs:
• Since the polarization direction is arbitrary in VeSELs the polarization has to be

fixed in some kind of way for polarization sensitive systems. An extensive literature
study on the polarization characteristics and control has been carried out in chapter 2.
In the final part of this study it is investigated which polarization control mechanisms
could be possibly integrated in the intra-cavity contacted VeSEL-design.

• Wet selective oxidation is becoming a powerful tool in III-V semiconductor
processing and is used for the current confinement necessary in an intra-cavity con
tacted VeSEL-design. While a lot of research is aimed at the implementation of this
technique in new semiconductor devices, little is known about the exact formation
and properties of the oxides. An overview of the meager research done in this field is
given in chapter 3.

• During the lateral oxidation of the current confinement layers the AlAs-layers in the
top-DBR have to be protected against this oxidation. Since common techniques like
deposition of thick silicon nitride layers and sealing by annealing do not work, a new
technique for sealing the top-DBR and AlAs-layers in general against wet selective
oxidation is discussed in chapter 4. With the found theory about the wet selective
oxidation it is attempted to explain the formation of the seal and why it is protective.



CHAPTER 2

Light output polarization of VCSELs

2.1 Introduction

Although the transverse mode structure of VeSELs is highly analogous to that of edge
emitting lasers, the polarization characteristics are significantly different. Where the edge
emitting lasers have a fixed polarization direction, the polarization direction for VeSELs is
arbitrary. Therefore, especially for polarization sensitive applications like magneto-optic
recording and coherent detection systems, it is necessary to characterize the polarization
characteristics of VeSELs in general and to search for control mechanisms to obtain a
polarization stable device.

In this chapter an overview of an extensive literature study is given on the characteristics of
the arbitrary polarization state in VeSELs (paragraph 2.2) and how the polarization state can
be fixed (paragraph 2.3). In the end (paragraph 2.4) it is evaluated which of the discussed
polarization fixing schemes can be implemented in the intra-cavity contacted VeSEL
designed and fabricated at the Eindhoven University ofTechnology.

Most of the lasers involved in this study are proton-implanted gain-guided circular laser
structures designed for infra red light generation (~ 980 nm). There has not been done too
much research in the field of polarization control of air-post index-guided VeSELs and
VeSELs with selective oxidation (for example intra-cavity contacted VeSELs). The VeSELs
mentioned in this chapter generally refer to the first type of laser. If the text deals with other
kinds of lasers this will be specified additionally.

tLight
Output

Figure 2.1.a: Gain-guided VeSEL structure Figure 2.1.b: Index-guided VeSEL structure
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2.2 Polarization characteristics

Chang-Hasnain et al. discovered that circular VCSELs grown on a (001) substrate (further
mentioned as 'normal VCSELs') are highly linearly polarized near threshold when the lasers
emit a single TEMoo mode [1,2]. However, he direction of polarization varies randomly from
one laser to the other, which probably arises from slight differences in the implantation
damage profile around the laser cavity [3]. At higher currents when a higher order mode is
excited along with the fundamental TEMoo mode, the higher order mode tends to have a
polarization orthogonal to the TEMoo mode, which is illustrated in figure 2.2:

Plane of quantum-well

z~
x

Arbitrary First-order linear polarization state
H

S = (ExH) 1.77
~E

x

Arbitrary Second-order orthogonal polarization state

S=(ExH)~

........ )1
'.. 90· x

···E..
Figure 2.2: Arbitrary polarization states for first and second order mode

In addition, the polarization direction of each transverse mode varies with increasing current
[1, 2]. Also the polarization orientation varies between the same VCSELs when the
measurements are repeated. This may emanate from "burn-in" annealing effects at the
implanted periphery of the cavity [3]. All of these observations indicate that there is no
fundamental polarization selection mechanism for the quantum well VCSEL in contrast to
quantum well edge emitting lasers. Shimizu et al., [4], considered that, since the polarization
was neither strongly dependent on the crystal orientation nor the mesa shape, it was
determined by the complicated effect due to the anisotropy of the crystal surface, mirrors, the
irregularity of the mesa, and so on.

An important characteristic parameter of the VCSEL is the Relative Intensity Noise (RIN).
Koyama [5] showed that the intensity fluctuations of the individual polarization mode is
larger by 2 dB than the total intensity fluctuations well above threshold. They state that this is
due to the effect of fluctuations in the mode partition between the two polarization states. The
mode partition even exhibits noise of a few dB at the onset of the additional polarization and
transverse mode (Wu, [6]).

Koyama supposed that the polarization of the device is well stabilized and the excess noise
generated by polarization fluctuations will not cause serious problems. However, Mukaihara,
[7] was able to show that the polarization fluctuations within the fundamental mode may
cause excess intensity noise that deteriorates the Bit-Error-Rate (BER) performance for
example. Therefore, according to Mukaihara it is not clear how the polarization fluctuations
affect the intensity fluctuation of the total output
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In addition to these RIN-measurement experiments, Kuksenkov et al. also observed a
significant enhancement in polarization-resolved low-frequency RIN of normal VCSELs
caused by energy partition between modes of different polarizations [8]. Their experiments
suggest that without special measures taken to ensure polarization stability, practical data
transmission rates in completely polarization-selective links based on VCSELs are limited to
-300 Mb/s [9]. Fiedler et al. show that transmission at a 10-Gb/s pseudorandom data rate with
strongly polarized light is possible over 500 m of graded index multimode fiber with a BER
below 10-11 [10].

Polarizationfl States

LML,

Temperature
Wafer Location

Figure 2.3: Schematic of threshold current versus substrate temperature or device location on a nonunifonn VeSEL wafer
(not to scale). The insets depict the relative spectral alignment of the laser gain with the nondegenerate eigen
polarization cavity resonances of the threshold mode (splitting greatly exaggerated) which produces the polari
zation gain-dependence. (from [12])

Choquette et al. analyzed the spectral density of the fundamental mode in VCSELs near
threshold and observed a spectral splitting between the two eigen polarizations of 9.9 GHz
(0.23 A) [4,11,12]. This spectral splitting remains constant with current, voltage or
temperature variations (electro-optic influence), but can be affected by local strain [12]. They
investigated the influence of the substrate temperature and the location of the laser on the
wafer on the laser gain spectrum and cavity resonances of the polarization states in InGaAs
and GaAs VCSELs. They observed that the polarization power partitioning and the threshold
current are related to the relative spectral alignment of the cavity resonances with respect to
the laser gain spectrum. A schematic illustration is presented in figure 2.3.
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Due to the spectral splitting of the fundamental mode eigen polarizations, under the condition
of blue-shifted gain, the shorter wavelength eigen polarization will experience enhanced gain
overlap, while for red-shifted gain, the longer wavelength polarization state will dominate.

At the condition of cavity resonance/peak gain alignment, the dominant polarization abruptly
switches and polarized output fluctuations (compare RIN) occur, as the red-shifting gain
sweeps through the polarization resonances due to ohmic heating with increasing current
injection. Such polarization switching is apparent for the TEMoo mode and higher-order
transverse modes.

2.3 Mechanisms for polarization control

This chapter deals with mechanisms that try to control the polarization state of the light output
of VCSELs. The mechanisms discussed in literature can be divided into four groups of
research:

• Modification ofDBR
• Modification of active layer
• Growing on misoriented substrates

• Others

2.3.1 Modification ofupper reflector stack

In most of the situations modification of the upper reflector stack means that some layers or
materials are grown on the top or the sidewalls of the reflector stack. The added material
influences the polarization by applying a loss to one of the polarization states. The reflector
stack itself is not modified.

2.3.1.1 Applying high refractive index films on one side of the dielectric multilayer
reflector walls

Shimizu et al. [13, 14] were the first who tried to control the polarization state of the light
output. Their p-side top mirror was a sputtered dielectric Ti02/Si02 multilayer stack. To
control the polarization direction they provide a differential loss to the orthogonal polarization
in the cavity by depositing a high refractive index material on one side of the reflector stack.
The reflectivity of the TE-wave at the interface with the higher index material is larger than
the reflectivity of the TM-wave. Therefore the reflectivity of the p-side mirror for a wave
polarized perpendicular to the applied index material (x-polarized) is larger than for a wave
polarized parallel to the applied index material (y-polarized). A schematic is drawn in figure
2.4.

Shimizu evaluated the scattering loss in each layer of the reflector stack using an effective
index method and obtained reflectivities of x-polarized and y-polarized light. Using these
reflectivities a differential loss t!>.a. caused by this structure can be estimated. It turns out that
the differential loss t!>.a. is a strong function of the length and width of the cavity. The surface
emitting laser may have an intrinsic anisotropy of loss t!>.a.in which primarily determines the
polarization direction, but this direction may not be defined.
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Figure 2.4: Top view of p-side reflector with Si film [13]

To stabilize the polarization direction, /i.a. should be larger than /i.a.in' Shimizu et al.
determined that the polarization direction may be stabilized by this structure if the width of
the p-side mirror is smaller than 5 Jlm.

In experiments the polarization direction of the light output was stable up to 1.4 times the
threshold current. However, the polarization switched to the other direction above an injection
level of 1.5 times the threshold.

2.3.1.2 Terminating a distributed Bragg reflector (DBR) with a birefringent
metal/dielectric polarizer

Mukaihara et al. [15, 16, 17, 18] proposed a polarization control method using a birefringent
property of a laminated metal/dielectric polarizer terminating a DBR, by adjusting the phase
delay between two polarization modes. The polarization control structure is drawn in figure
2.5.

GaAsCap
rIiF:I&

L2
GaAs/AIAs
DBR layer

Figure 2.5: Polarization control structure using a metal/dielectric polarizer [18]

The periodic metal/dielectric grating, introduced on top of a GaAs/AlAs DBR, creates
birefringence for two polarization states. Let E.L and Ell be the waves with perpendicular and
parallel electric fields to the grating, respectively, as shown in figure 2.5. In the
metal/dielectric polarizer a large attenuation ratio (ranging from 103 to 104

) of two
polarization states is used to dominate one polarized light. Furthermore, the phases of the
polarizer for two polarizations are different from each other due to the birefringence. By
adjusting the thickness of the GaAs cap layer, the phases of E.L and Ell can be controlled
independently. Thus, an antiresonant phase condition for Ell and a resonant phase condition
for E.L can be obtained. A dip in the reflectivity for Ell occurs, whereas the reflectivity for E.L
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remains consistently high. Calculations show that by setting the thickness of the GaAs cap
layer to be 0.33 * )../4, the reflectivity of Ell can be drastically reduced at the cavity resonance
wavelength, [18].

According to Mukaihara the Si02 of the polarizer in figure 2.5 can be replaced by
semiconductor material. This simplifies the fabrication process and the electrical contact is
improved. After an ordinary VCSEL growth, a gold-GaAs polarizer is formed on the top DBR
by using electron beam lithography for patterning nanoscale fingers and etching the GaAs cap
layer followed by a gold evaporation. The evaporated gold film is also used as an electrical
contact.

Temperature dependence of the polarization characteristics for some controlled devices is
investigated [18]. The result shows that the two orthogonal polarization states simultaneously
lased around the coincidence of gain peak and cavity resonance. However, the dominant
polarization was maintained under Ell direction. This in contrast with previous observations
[3, 11].

According to table 2.1 perfect polarization control of all devices has not been achieved.

Table 2.1: Polarization characteristics of some tested devices, [181

Polarization direction Ell E.L

Number 5 2

Random

1

Mukaihara gives three reasons:
• The reflectivity difference decreases with increasing number of Bragg-pairs. The

fabricated devices (25 Bragg-pairs) do not have sufficient polarization discrimina
tion. Mukaihara et al. modelled the optimized number of Bragg-pairs to be 20, with
out deteriorating the laser performances.

• The surface of the grating is rather rough, caused by the structural imperfection of the
polarizer. This will cause noticeable scattering in the polarizer.

• The thickness of the GaAs cap layer varies across the wafer, which is typically 10%
for MBE-grown structures. Therefore the position of the dip deviates from the cavity
resonance wavelength.

2.3.1.3 Inscribing of fine metal-interlaced gratings on top of the DBR

Jung-Hoon Ser et al. [19] proposed a polarization control scheme utilizing a fine metal
interlaced grating etched at the topmost layer of the DBR. Figure 2.6 shows the polarization
stabilizing structure.

It is essentially a grating where thin films of Al and AuZn are deposited on the sidewalls to
enhance polarization selectivity. The metal films function as a polarization-dependent
absorber. When viewed from above, the metal films do not block the top surfaces of the
output window, thus minimize the output loss by the metal films' geometrical blocking of
output beams.
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I Metal Film CJ AIGaAs

Top
DBR

Active Region

Bottom DBR

Figure 2.6: Structure of the metal-interlaced grating [191

Several possible mechanisms are speculated for this polarization stabilizing structure. If the
grating is considered as a metal-grid polarizer, the polarization-dependent absorber is
expected to select the TM polarization mode. On the other hand, the propagation constant of
the TE mode for an infinitely extended metal-interlaced grating is three times larger than that
of the TM mode. So, the real polarization selecting mechanism is not clear yet.

Experiments show that very good extinction ratios are obtained [41]. For example, the
extinction ratios for a 15 J..lm diameter VCSEL with grating periods of 1.2 J..lm and 1.5 J..lm are
46:1 (16.6 dB) and 59:1 (17.7 dB), respectively. In general, threshold currents of the
polarization-stabilized VCSELs are almost the same as those of normal VCSELs, and the
threshold voltages increase by 1-2V. The peak output powers and the differential quantum
efficiencies are reduced by about 25% compared to the gratingless VCSELs.

2.3.1.4 Amorphous silicon subwavelength transmission gratings

Schablitsky [20] and Chou [21] proposed a polarization control scheme using amorphous
silicon subwavelength transmission gratings. This method uses optical feedback from an
ultrathin dielectric subwavelength transmission grating placed in front of the VCSEL output
window. The principle of controlling polarization is based on the observation that
subwavelength amorphous silicon transmission gratings (SWTOs) have a polarization
dependent reflectivity. Therefore, a SWTO can either enhance the polarization or switch the
polarization.

The SWTOs consist of a thin amorphous Silicon (Si) grating with nanoscale finger widths and
spacing on a fused silica substrate. The absorption of the gratings is negligible, since
amorphous Si has a large effective band gap and small thickness. To produce optical feedback
for polarization locking, the output light from the VCSEL is collimated into a parallel beam
using an objective lens. Because of the small grating area, another objective lens is used to
focus the beam onto the SWTO to a spot having a diameter of 10 Jlm.

When there is no feedback, the polarization ratio of the output light has a maximum value of
20:1 (13.0 dB). However, with the SWTO in place, this ratio is greater than 100:1 (20.0 dB)
for both mode switching and mode enhancement over most of the range of injection current.
The maximum polarization ratio is about 200:1 (23.0 dB)

The SWTOs hold great promise for use in integrated optoelectronic devices. The SWTO has a
very small thickness of 240 nm, about 1/3 the wavelength. It can be integrated onto the
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veSEL and would allow the polarization of neighboring VeSELs In an array to be
individually controlled.

2.3.1.5 Surrounding the active region with a passive antiguide region

Wu et al. [22] demonstrate a passive antiguide region surrounding the active region. They
found this region to be a highly effective transverse mode and polarization mode selection
mechanism. To make a large aperture VeSEL with a stable single transverse mode, they
introduced a passive antiguide region (PAR) around the laser cavity to suppress the higher
order transverse modes. A schematic picture ofthe structure is drawn in figure 2.7.

Output ~

Figure 2.7: Schematic of the passive antiguide region (PAR) VeSEL [22]

The regrown cladding around the laser cavity is selected to have a higher refractive index than
the equivalent index of the DBR. Although this PAR was designed to obtain a single
transverse mode for high injection current it looks like that it also influences the polarization
characteristics of the VeSEL.

The fundamental mode output of the OMeVD regrown PAR VeSELs is linearly polarized in
the crystal orientation, whereas the first order mode is typically linearly polarized in the
orthogonal [011] direction.

Most of the MBE regrown PAR VeSEL emit a single transverse mode in their full operating
range from threshold to maximum output power, but the polarization direction is either along

the [011] or the [0T:I] crystal orientation.

The polarization selection is attributed to the strain difference in different crystal orientations
around the laser post. This may have been introduced during the etching and/or the regrowth
process.
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2.3.2 Modification ofactive layer

2.3.2.1 Applying anisotropy in transverse cavity shapes

The group of Choquette [23, 24] expect that noncircular VCSEL cavities will influence the
polarization properties analogous with the development of single-polarization optical fiber.
They discuss three specific shaped transverse cavities: circular, rhombus and dumbbell
shaped, [24]. In figure 2.8 the L-I-characteristics ofthese VCSELs are plotted:

•.0 ,.0 OAoo8oo@rlO' (~0
o rIO' o rIO'.. .. ..

{ i ! ...!U i u
~ !

OIl 0.0 0.0

• ,. .. ]I) • I. .. ]I) .. • ,. .. .. ..
""'(oaAl ....- ....-

Figure 2.8: (a) 20 J-lm circular VeSEL, (b) rhombus-shaped VeSEL, (c) dumbbell-shaped VeSEL, [24]

Figure 2.8.b. shows a rhombus-shaped VCSEL whose major and minor axes are oriented
along <OIl> crystal axes. Over the entire range of the laser, the 00 polarization state, parallel
to the major axis of the cavity, dominates the lasing emission. Furthermore, a nondegeneracy
of 0.8 A between the orthogonal polarization states is observed.

Figure 2.8.c. depicts a dumbbell-shaped VCSEL. The dominant polarization state (00 in figure
2.8.c.) is again found to be parallel with the major axis of the cavity (along <110> crystal
axis). In addition for all of the dumbbell VCSELs examined, the lasing emission polarized in
the orthogonal direction is completely suppressed. The spectral behavior confirms that not
only a single fundamental polarization state is selected, but also higher-order transverse
modes are prevented from lasing. At maximum output power the orthogonal polarization
component is suppressed by 14 dB(25.l:I).

The maximum output power in a single fundamental polarization state of the dumbbell
VCSEL (figure 2.8.c) is only 0.4 mW, which is relatively low compared to the circular- and
rhombus-shaped lasers. Probably this is due to the greater perimeter-to-area ratio combined
with the inherently high surface recombination velocity at the exposed edges of the GaAs
quantum wells. Using InGaAs quantum wells, passivated regrowth structures, or gain-guided
devices would be expected to reduce the impact of the nonradiative recombination loss and
lead to improved laser performance.

For rhombus- and dumbbell-shaped lasers with cavities oriented at an angle from the <110>
crystal axes the polarization does not align with the <110> crystal axes, nor with the major
axis of the laser cavities; instead, the linear TE polarization is at an intermediate angle
between the crystal and cavity axes.

In {23] Choquette et al. also report about cross-shaped lasers. The laser output polarization is
found to align along the directions of the arms of the cavity. More interestingly. the
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polarization switches between the orthogonal directions as the laser drive current varies.
However, a single spectral peak and a Gaussian near-field is consistently observed. Therefore
the cross cavity geometry provides a means for switching the polarization of the fundamental
optical mode in orthogonal directions.

An interesting application of the anisotropic transverse geometry is proposed by Yoshikawa
[25] and deals with the complete polarization control of 8*8 VeSEL matrix array. Because
matrix arrays are beyond the scope of this text only short remarks will be made. Yoshikawa et
al. stated that the diffraction loss of the fundamental-mode emission is increased in one
direction by reducing the size of the post in one direction, leading to 6x5 Jlm VeSELs. This
causes anisotropy of transversal mode selectivity, inducing pinning of the polarization
direction. The results of their experiments include a stable polarization angle for all VeSELs
within a deviation of 2.9°. The light output characteristics were almost the same as those of
6x6 Jlm polarization-uncontrolled VeSEL arrays.

2.3.2.2 Designing asymmetric active regions

Vakshoori, [26] applies group theoretical techniques to the symmetries of the veSELs active
region for different conditions: uniaxial and biaxial stress, presence of quantum wells, growth
on misoriented substrates. Through this development he predicts that asymmetric gain regions
grown on (001) oriented substrate will have nondegenerate (unequal) gain along the two
independent transverse polarizations. Also, active quantum well regions grown on tilted
substrates are predicted to have unequal transverse gains. Furthermore, intrinsic material
anisotropicity is preferred over extrinsically induced ones (i.e., externally applied stress,
etching, ...), since the latter is process dependent and may also adversely affect the device
reliability.

In figure 2.9 a schematic of an asymmetric saw-tooth quantum well active region is drawn
which is proposed to remove the gain degeneracy of the two transverse polarization modes of
VeSELs grown on (001) substrates.

Figure 2.9: Asymmetric saw-tooth quantum well active region, [26]

Vakshoori et al. present the result of an experiment with this asymmetric designed active
region [27]. They concluded that an asymmetric sawtooth will make the cavity birefringent.

The shift in resonant wavelength of the cavity with the incident light polarized along (011)
and (011) was observed to be about 0.3 and -0.3 A for negative and positive sense sawtooth

superlattices, respectively.
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2.3.2.3 Incorporating chemically ordered GalnP2layers into the active region
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Meney et al. [28] propose that the incorporation of chemically ordered GaInPz layers into the
active region of surface emitting lasers will allow strong selectivity between the two
orthogonal polarization directions.

The growth of chemically ordered GaInPz reduces the crystal symmetry. Epitaxially grown
GaInPz alloys can exhibit spontaneous atomic ordering during growth, substantially
modifying the valence band structure and introducing polarization-dependent photolumines
cence. The observed CuPta-type ordering takes the form of alternating InP-GaP layers along
two of the four possible <Ill> directions.

The presence of [T 11] ordering removes the cubic symmetry and lowers the energy of valence

states polarized along [T 11] relative to those polarized in the ordering plane orthogonal to

[TIl]. For growth along the [001] direction, ordering occurs along the [111] and [lTl]
directions. As the [110] surface vector is orthogonal to both these directions, either type of
ordering enhances the [110] character of the valence band maximum, which enhances the gain
in the [110] direction. This gain enhancement in a particular direction forms a means for
polarization control.

The challenge is to produce high-quality single-variant CuPta-ordered epitaxial layers. Note,

however~ that the proposed discrimination between the [11 0] and [110] polarization
directions should still persist in two-phase ordered layers, as both ordering variants favor
[110]. Also the calculated gain discrimination is considerably larger than that predicted for
other polarization selectivity schemes, so that even with a reduced valence band splitting
factor and mixed ordering, there should still be good discrimination between the two
polarization directions.

2.3.2.4 Using biaxial tension in the active layer

Shimizu et al. [13] proposed a polarization control mechanism which makes use of etched
holes in the substrate. Mukaihara further investigated this mechanism, [29, 30]. By making
the etched well elliptical for the light output, stress would affect the polarization state of the
VCSELs. An illustration of the etched well device is depicted in figure 2.10.

The stress might originate from the differences in lattice constant, thermal expansion
coefficients and other material properties in the laser cavity. The epitaxial layers are bent due
to the difference of the thermal expansion coefficient between GaAs and AlxGal_xAs. The
tensile stress difference in the active region between the major axis and the minor axis of the
holed region is introduced.

In their experiments they observed that polarization can be switched using external stress.
They obtained the relation between the polarization characteristics and the structure in the
holed region.
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Figure 2.10: Device structure with elliptical etched well, [31]

Mukaihara et al. take care of the external stress, [31]. By employing a large thermal expansion
coefficient material (thick gold film) on the top surface, the anisotropic compressive stress is
enhanced in the active layer. With these techniques they have engineered a polarization
control of etched-well VCSELs with 80% reproducibility.

2.3.3 Epitaxial growth on misoriented substrates

Choquette et al. [32] were the first who experimented with VCSELs grown on misoriented
substrates. They observed that these VCSELs show a continuous-wave operation over a broad
wavelength range near 670 nm with threshold currents near 1 rnA. These VCSELs have a
predetermined temperature-independent polarization state for all transverse lasing modes.

Ohtoshi et al. [33, 34, 35] have calculated the optical gains in VCSELs for various crystal
orientations. The used multiband effective-mass theory takes into account the effects of
anisotropy and nonparabolicity on the valence subband dispersion. They found that for
VCSELs employing InGaAs/InP strained quantum wells with non-COOl) orientations except
(111), the polarization in the quantum well plane can be controlled and high gains are
obtained. In particular, the gains in VCSELs with (NNl)-oriented (N ~ 2) strained QWs are
markedly higher than those in the equivalent (001) lasers.

The relationship between the gain and the polarization angle in the QW plane is shown in
figure 2.11.

It is clear that the maximum gains are obtained at an angle of 90° for (NNl) and for an angle
of 0° for (11N) (N ~ 2). Therefore, it is possible to fix the polarization in the maximum gain
direction. For instance, in the case of VCSELs with (221) quantum wells, the light will be
linearly polarized in the [T10] direction.

Note further that the peak gain in the VCSEL with the (221) orientation is more than three
times higher than that in the (DOl) equivalent laser. The higher gains in VCSELs with (NNl)
orientations (N ~ 2) are attributed to the smaller hole density-of-states compared with
(OOl)-oriented VCSELs. When the hole density-of-states is decreased, asymmetry between
the conduction and valence bands is reduced, and the gain becomes high. Therefore, an
optimum orientation for VCSELs exists between (111) (optimal gain) and (110).
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Figure 2.11: Optical gains for five different orientations plotted as a function of the in-plane polarization angle, [33]

Numai et a1. try to find a theoretical explanation for the control of light polarization for
VCSELs grown on a misoriented substrate [35]. According to them degeneracy of the valence
band is removed by strains as well as quantum-well size effects. Asymmetric strains are
induced by converse piezoelectric effect and misorientation.

To examine the polarization characteristics, they calculate the optical transition element Mj (i
= y, z) in the plane of the quantum wells. This matrix element between the conduction band
and the valence band is written as

where Pi is the momentum operator, and \Jfc and \Jfv are the wave functions for the conduction
band and the valence band, respectively.

When an electric field is applied in a piezoelectric crystal such as GaAs, the shape of the
crystal changes slightly. It is found that strain tensor elements are asymmetric, and the
asymmetry in the strain tensor elements decreases with an increase in the misorientation
angle.
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Figure 2.12: Calculated relative optical transition matrix element (M!Mi. The parameter is the lattice mismatch B. Here it is
assumed that the lattice mismatch between the active layer and the substrate causes no asymmetric strain, [35]



16 CHAPTER 2: Light Output Polarization of VCSELs

In figure 2.12 we can see that the converse piezoelectric effect is efficient when the
misoriented angle e and the lattice mismatch /81 are small. The light-output will be polarized
in the z-axis because the optical transition matrix element Mz is slightly larger than My" Since
the difference in optical transition matrix elements Mz and My is small, additional asymmetry
is needed to control the polarization of the light.

Figure 2.13 shows the calculated relative optical transition matrix element (M/Mz)2, when
IIlo.2Gao.8As active layers are grown on a (100) GaAs substrate which is tilted toward (111)A
through a misorientation angle e. The calculated result for the (100) substrate misoriented
toward (111)B is obtained by replacing (M/Mz)2 in figure 2.13 with (MjMyl

~ 1.1 r------------,
i 8=-1.4%">. 1.08 .

~=- 1.06 .
c
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Figure 2.13: Calculated relative optical transition matrix element (MJMi, [35)

When the misorientation angle is 2°, the relative optical transition matrix element by
misorientation (figure 2.13) is larger than that by the converse piezoelectric effect (figure
2.12). Therefore, misorientation with 2° is more efficient than the converse piezoelectric
effect to control polarization. Also, combination of these two effects will lead to stable control
of polarization, and the most stable polarization is expected for a wafer grown on a (100)

substrate toward (111 )B, and the light is polarized in [0T1]. Experiments confirm these

expectations. The reproducibility for the polarization along [0T1] was as high as 88%.

From figure 2.13 a larger misorientation angle is preferable to control polarization. However,
for a larger misorientation angle e, the mechanism of epitaxial growth might be different than
for a small e.

More people are already investigating the interesting promises of the VCSEL grown on
misoriented substrates. In table 2.2 their results are depicted.

Table 2.2: Other results concerning epitaxial growth on misoriented substrates

Author
Kaneko [36]

Chen [37]
Takahashi [38]

Substrate
(311)B GaAs

10° offaxis (100)
(311)A GaAs

Wavelength
A(nm)

970

630 - 660
950

Polarization
direction

[233]
[011]

[233]
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2.3.4 Others

In this paragraph topics related to polarization properties ofVCSELs are discussed.

2.3.4.1 Epitaxial growth of (Alo.sGao.sAs) 1/2(GaAs)1/2 fractional layer superlattices

17

Chavez-Pirson et aI. [39] present results of a VCSEL with (Alo.sGao.sAs)ldGaAs)112
fractional-layer superlattice (FLS) material used as an anisotropic gain medium. It is discussed
in this section of the report because it is based on both misoriented substrates (paragraph
2.3.3) and modification of the active layer (paragraph 2.3.2).

FLSs have nanometer-scale compositional modulation perpendicular to the direction of crystal
growth. The growth-induced lateral confinement of carriers causes optical anisotropies to
appear in luminescence, linear absorption, nonlinear absorption, and gain. Chavez-Pirson et
al. use the anisotropic gain characteristics to control the VCSEL polarization properties.

The FLS sample is grown by MOCVD on a (001) vicinally oriented semi-insulating GaAs

substrate tilted 2° toward the [110] crystal orientation. Details of the crystal growth system
and growth procedure are reported elsewhere [40]. The (Alo.sGao.sAs) II2(GaAS)112 FLS layers
used in these experiments have a lateral period of 8 nm, defined by the monolayer steps on the
tilted GaAs substrate. The nominal widths of the GaAs and Alo.sGao.sAs layers in the FLS are
4 nm, and the thickness in the growth direction is 254 nm (1.5 A. with A. ~ 700 nm). Figure
2.14 shows a schematic representation of the FLS active region inside the vertical optical
cavity.

OutpulLaslng

Dieleclric HR

A1•.•Gao..As

GaAs

(AJuGao..AsI'Q(GaAsh,.FlS - fJ!:L'~!!;LL

A1•.sGao.'As

4nm ""'~~ ........." ...0'10] L..- --.Y

Figure 2.14: schematic representation of the fractional-layer superiattice, [39, 40J

Depending on the wavelength of operation, they observe dramatically different polarization
properties. At the long wavelength side of the FLS gain spectrum (A. = 716.3 nm) the obtained
light is linearly polarized parallel to the FLS layers (extinction ratio 35:1, 15.4 dB). At the
short wavelength side of the gain (A. = 701.5 nm) the obtained light is linearly polarized
perpendicular to the FLS layer (extinction ratio 100:1,20 dB). In both cases sharp thresholds
and single mode operation are observed.

Chavez-Pirson et aI. suppose that at the long wavelength region of the gain near the electron
heavy hole (e-hh) transition the gain for parallel polarized light is larger than the light
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polarized in perpendicular direction. At the short wavelength region of the gain near the e-lh
transition the gain for perpendicular polarized light is larger than the parallel gain.

By independently controlling the optical cavity resonance frequency, it will be possible to
perform "TE/TM" polarization switching in a two-dimensional array format. Because the
polarization switching operation is limited only by the cavity optical response time and not
the carrier extraction time, we expect fast response (~ 10 ps) and fast cycle times (~ 10 GHz).

2.3.4.2 Double-fused 1.52 J.1m VCSELs

To achieve high reflectivity, low thermal resistance mirrors with InGaAsP active layers at 1.3
and 1.55 J.1m, it is possible to make use of long-wavelength vertical-cavity lasers using
AlAs/GaAs mirrors and InGaAsP active layers bonded by wafer fusion. Using this method,
substrates of vastly different lattice constants can be bonded to produce an optically
transparent junction that is both electrically and thermally conductive. Babic et aL [41]
propose a new long-wavelength VCSEL structure that uses two AlAs/GaAs quarter-wave
mirrors and an InGaAsP strain-compensated quantum-well active region. These devices were
fabricated by two wafer fusion steps and exhibited record values for pulsed threshold current
at room temperature. It turns out that the output from all devices was highly polarized (43.5:1, .
16.4 dB), even when many transverse modes were lasing. The reasons for this highly
polarized behavior are as yet unclear.

2.3.4.3 Oxide and airgap confined VCSELs

Li et aL [42] investigated the polarization and transverse mode behavior of selective oxide
confined (OC) VCSELs and airgap confined (AC) VCSELs for the first time. These kinds of
VCSELs provide excellent carrier confinement and, thus, desirable light/current characteris
tics.

They observed that the OC-VCSELs show excellent polarization control and selectivity, while
the AC-VCSELs exhibit polarization switching and lack of selectivity. They suppose that this
is attributed to the strain introduced by the oxidized layer. Nearly all the OC-VCSELs are
polarized along the [011] direction, up to 20 times threshold. An extinction ratio of >20 dB
(100: 1) is obtained. However, since the two types of VCSELs have very similar optical
models and are tested under identical conditions, there must be some mechanism in the
OC-VCSELs that impedes the switching. One major difference of the OC-VCSELs is the
strain around the active region due to the lattice mismatch which is induced by the oxidation.

2.4 Polarization schemes for intra-cavity contacted
VCSELs

Below the previously discussed polarization fixing schemes are evaluated for usage in the
intra-cavity contacted VCSEL-design, further mentioned as ICC-VCSELs (more information
about ICC-VCSELs is found in paragraph 4.2).
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High refractive index films on one side of dielectric multilayer reflector walls (figure 2.4,
[13])

Since a high refractive index material is deposited on one side of the reflector stack, this
method is not suitable for ICC-YCSELs, where a second mesa is present and the top of
this mesa is used for the p-contacting of the device.

Terminating DBR with a birefringent metal/dielectric polarizer (figure 2.5, [15, 16, 17,
18])

This mechanism can be implemented in the intra-cavity contacted design. The disadvan
tage is the usage of electron beam lithography for the realization of the nanoscale
fingers in the grating, which is not possible at the Eindhoven University of Technology
(EUT).

Inscribing of fine metal-interlaced gratings on top of the DBR (figure 2.6, [19])
This is a sort-like mechanism like the birefringent metaVdielectric polarizer mentioned
above, so it could be used in the design of the ICC-YCSELs. The same disadvantage,
however, still remains.

Amorphous silicon subwavelength transmission gratings, [20,21]
The same conditions apply as for the earlier mentioned gratings. These gratings are
fabricated on Si-substrates and a fusing technique has to be used to integrate these
gratings on the YCSELs. Technologically seen, this is a very difficult way of fixing the
polarization state.

Surrounding the active region with a passive antiguide region (figure 2.7 , [22])
This method is only suitable for index-guided YCSELs with one etched mesa. Besides
the contacting of the ICC-YCSEL will be impossible, implying that this scheme can not
be implemented for the ICC-YCSELs.

Applying anisotropy in transverse cavity shapes, [23, 24, 25]
The anisotropically designed transverse cavity shapes are already incorporated in the
mask-set developed for the ICC-YCSELs. Since, YCSELs with dimensions smaller than
10 J.lm have not been realized, this mechanism has not been tested yet.

Design of asymmetric active regions (figure 2.9, [26,27])
The design of asymmetric active regions could be a very well working method to obtain
polarization stable YCSELs. A disadvantage however is the fabrication of graded
quantum wells which implies the epitaxial growth of small layers (in the order of
several monolayers) with differing AI-content. This growth would put very high de
mands on the MBE.

Incorporating chemically ordered GaInP2 layers into the active region, [28]
Since the MBE situated at the Physics Department ofthe EUT is not capable of growing
P containing compounds, this method is not useful in the ICC-YCSEL.
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Using biaxial tension in the active layer (figure 2.10, [13,29,30,31])
This method controls the polarization by etching holes in the substrate. While the
VCSELs processed with the polarization method are bottom emitting is has to be
investigated if the same results are obtained for the top-emitting VCSELs. The stability
of the polarization direction, however, is not controlled very well and therefore, this will
not be a good solution for controlling the polarization in the VCSELs developed at the
EUT, probably.

Epitaxial growth on misoriented substrates, [32-38]
Epitaxial growth of VCSEL-structures on misoriented substrates have proven to en
hance the optical gain and fix the polarization direction. However, epitaxial growth on
misoriented substrates is very difficult and has been tried at the Eindhoven University of
Technology. However, the first results were not successful..

Growing (Alo.sGao.sAs)lIz/(GaAs)lIz fractional layer superlattices (figure 2.14, [39,40])
Since this method also makes use of the epitaxial growth on misoriented substrates this
mechanism for polarization is not suitable for the VCSELs in Eindhoven.

Double-fusing technique, [41]
This fusing technique is used to glue the mirrors on the active region thereby fixing the
polarization state. The fusing technique is a very difficult one and is not employed at the
EUT.

Oxide confined VCSELs, [42]
An important aspect of the ICC-VCSELs is the usage of current confinement by oxida
tion. Measurements in the near future have to show if the oxidation is sufficient enough
to fix the polarization state in the VCSELs. This effect has not been reported in litera
ture thus far.

In summary, the polarization direction in ICC-VCSELs may be fixed in several ways.
Incorporating some kind of a grating on top-DBR fixes the polarization state, but increases the
complexity of processing and since the ICC-VCSEL is already difficult to process, these
schemes are not desirable. The epitaxial growth of asymmetric designed cavities and on
misoriented substrates put high demands on the MBE, which can not be met at this moment,
but may be important techniques for polarization control in the future.

One of the two useful methods of controlling the polarization state is the fabrication of
asymmetric cavity shapes (rectangular-shaped, cross-shaped, dumbbell-shaped) from which
the rectangular shape already is implemented in the mask-set for the ICC-VCSELs at the
EUT. The other method has to do with the current confinement by oxidation. It is stated that
oxide confined VCSELs induce strain around the active region thereby fixing the polarization
direction.

Real polarization measurements have not been carried out, since the processed VCSELs are
not of high enough quality thus far. These measurements will take place in the future and it
will turn out if these two polarization mechanisms are sufficient for fixing the polarization or
if another polarization scheme has to implemented.
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2.5 Conclusions
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Vertical Cavity Surface Emitting Lasers (VCSELs) have very interesting advantages
compared to the well-known and fully exploited edge emitting lasers (EELs). These include
2D-array feasibility, on-wafer testing, circular light beams with low divergence and single
longitudinal mode operation. One disadvantage of the VCSELs compared to the EELs is the
lack of a predetermined polarization selectivity mechanism within the device.

In this chapter the worldwide research on the control of the light polarization output for
VCSELs has been discussed. Many people have attempted to tackle the polarization problem.
The research activities can be globally divided into four groups:

• Modification ofupper reflector stack
• Modification of active layer
• Growing on misoriented substrates

• Others

All of the schemes rely in some manner on breaking the symmetry in the plane of the
quantum wells. With differing degrees of success, these methods promote a single
polarization state for the threshold transverse spatial mode, but at the expense of increased
fabrication complexity. Even if polarization control is maintained near threshold, higher-order
transverse modes still often tend to remain orthogonally polarized. Fundamentally, what
governs the competition between the VCSEL eigen polarizations, especially in the absence of
an intentional anisotropy, is unclear.

Possible attractive appearing solutions for the intra-cavity contacted are the transverse cavity
shapes (dumbbell shaped VCSELs, Choquette [23, 24]) and the VCSELs grown on
misoriented substrates (higher gain and polarization selective). The disadvantage of the first is
the output power loss and the orthogonal polarization states for higher order modes. The
disadvantage for the second is the increased complexity for growth and fabrication.

An interesting solution for the future is the selectively oxidized index-guided VCSELs and
results of experiments are looked forward to. Li, [42], already mentioned the good
polarization properties of these VCSELs induced by the locally applied stress in the active
region, which is caused by the oxidized layers due to lattice mismatches.
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Wet Selective Oxidation

Because of the excellent properties of the native oxides fonned by wet selective oxidation
much research is aimed at the incorporation of these native oxides in new devices. However,
not so much research has been done to investigate the kinetics, mechanisms and structure of
the oxidation.

The wet selective oxidation of AlxGal_xAs-layers is an important step in the fabrication of
intra-cavity contacted VCSELs at the moment and will be an important step in the realization
of red-light emitting VCSELs in the future. To be able to fabricate these devices it is
necessary to know how these oxides are fonned and how their final structure looks like. In
this chapter it is attempted to give a good view of the gained know-how in literature about
these topics.

Before a detailed description about the wet selective oxidation is presented, a historical
retrospect (after [43]) is given in the first paragraph about oxidation techniques in general and
why the wet selective oxidation has gained so much research interest in the last years.

After that the present state-of-the-art on wet oxidation in literature will be discussed. The
second paragraph deals with mechanisms and kinetics involved in the fonnation of the oxide
by wet selective oxidation. The structure of this oxide will be the topic in the third paragraph
and in the fourth paragraph subjects like activation energies, relations between oxide thickness
versus time, temperature and AI-composition will come up.

3.1 Historical retrospect

An understanding of oxide properties of ternary compound semiconductors is important in
relation to their applications for optical and microwave components such as heterostructure
lasers and transistors. Good reliability of semiconductor devices requires stability of the
ternary material when exposed to nonnal environmental conditions.

Until now there are three known ways to oxidize AlxGal_xAs:
• Anodic oxidation
• Plasma oxidation
• Thennal oxidation

Anodic Oxidation. Anodic oxidation of AlxGal_xAs is done in an electrolytic solution. The
sample is used as an anode and a platinum electrode is used as a cathode. By applying a DC
voltage (- 60 V) between the electrodes a layer of oxide grows on the sample. This layer
reduces the current because of its insulating character. The final thickness of the oxide
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depends on the applied voltage. The selectivity of this oxidation method is small and does not
depend on the doping concentration.

Plasma Oxidation. Plasma oxidation of AlxGal_xAs can be done in an RF excited plasma.
The excitation has to be separated from the sample holder in order to avoid ion bombardment.
The substrate is DC biased to .control deposition rates and oxide thickness. This kind of
oxidation exhibits a very similar growth behavior to that in GaAs anodization. The growth
rates of AlxGal_xAs-oxide are independent of the alloy composition and identical to the GaAs
anodization rate under the same experimental conditions.

Plasma and anodic oxidation are useful techniques in planar device technology. The electric
properties of these oxides are such that they may be used for surface passivation and as
dielectric layers in electronic devices.

Thermal Oxidation. Thermal oxidation takes place when the sample is exposed to various
types of gas (Oz, NzO, COz) at high temperatures (350-500 °C). These oxides are called
'native' oxides.

Native oxide films of AlxGal_xAs produced by thermal oxidation or by normal air exposure at
room temperature do not have high quality with respect to layer and interface properties. In
fact, native oxides of AlxGal_xAs are non-uniform and not stable. They can playa rather
crucial role in parasitic electrical effects on the crystal surface.

The oxidation growth rate of native oxide films depends on the AI-content in the AlxGal_xAs
layer. AlxGal_xAs with high AI-content (x ~ 0.7) may easily decompose under normal
environmental conditions due to the formation of unstable sub-oxides of AI. AlxGa1_xAs layers
with low AI-content and also thin AlxGal_xAs-layers (~ 10 nm) do not show such degradation
effects.

Wet Selective Oxidation. A special case of the thermal oxidation is the wet selective
oxidation. This is the exposure of AlxGal_xAs at elevated temperatures (~ 400°C) to an HzO
vapor ambient with Nz as a carrier gas. The Al forms a saturated oxide which gives a stable
phase of AlxGal_xAs-converted oxide with a high quality and insulating properties. The native
oxides that are produced by the conversion of AlxGal_xAs with high AI-content (x ~ 0.7) at
high temperature in an HzO vapor ambient differ significantly from those formed by thermal
oxidation with other types of gases.

The ease of processing (a furnace at 400°C, HzO vapor and Nz-gas will work), the speed of
oxidation (- !-un/min) and the possibility to oxidize AlxGal_xAs-layers laterally have made the
wet selective oxidation technique a powerful tool in the processing of existing (stripe lasers)
and new (current confined intra-cavity contacted VCSELs, see paragraph 4.2) devices.
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3_2 Mechanisms/Kinetics

3.2.1 Formation ofthe oxide
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Dallesasse and coworkers studied the extent of degradation of AlxGal_xAs compounds which
are exposed to room ambient [44] for long times (10-12 years). Their examinations revealed
that thicker AlxGal_xAs layers with compositions x ;:: 0.85 are degraded to oxide formations in
this room ambient, which are instable. The degree of instability depends strongly on the alloy
composition. Crystals containing thin AlAs layers (~ 20 nm), such as AIAs-GaAs
superlattices (SL's) stay stable over time.

The exact reaction causing this degradation is unknown until now and may involve the
formation of several different compounds. DaIlesasse et aI. attribute the degradation mainly to
hydrolysis. This implies the formation of the Al compounds AIO(OH), Al(OH)), Al20),
AI20)-H20 and AI20)-3H20 and the As compounds AsH) and As20). Possible chemical
reactions include:

2 AlAs + 3 H20 ,..= AI20) + 2 AsH)

AlAs + 2 H20 ,..=AIO(OH) + AsH)

AlAs + 3 H20 ,..= Al(OH)) + AsH)

(3.1)

(3.2)

(3.3)

Since potential differences can exist between different layers (p-n junctions, for example)
electrochemical reaction may also be present.

To study the degradation of AlxGal_xAs-layers in room ambient through time it is
inconvenient to wait a year or longer. Therefore Dallesasse et al. [45] tried to accelerate the
process of degradation. For that purpose they raised the temperature of the sample and passed
water vapor over it, following the classic method to oxidize and mask, [46]. In this way they
invented the wet selective oxidation for AlxGal_xAs-compounds. In these experiments they
found dense transparent native oxides of high quality that differ significantly from those of
natural hydrolysis. Fine-scale alloys (AlxGal.xAs) are found to be more resistant to oxidation
than coarse-scale alloys (AIAs-GaAs SL's).

To investigate the differences between oxide grown in room ambient or by wet selective
oxidation Sugg et al. [47] prepared a sample consisting of 0.1 J..1m AlAs on a 0.5 J..1m GaAs
layer. The sample is cleaved in two parts. One part is vertically oxidized by wet oxidation
(more information in paragraph 3.2.3). Subsequently both parts are exposed to room ambient.
After 80 days a comparison has been done by SIMsl studies, which are reflected in figure 3.1.
Similar figures are also presented in [48 and 49].

1 More information about characterization methods are found in Appendix B
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From these SIMs studies Sugg et al. make the following remarks:
• Both samples have large oxygen and hydrogen signals (Al-O-H-ion count) in the top

0.1 J.1m.
• The atmospherically hydrolyzed sample shows a significant Al-O-H-ion count as

deep as 1.0 J.1m into the crystal.
• Ga depletion is evident in the atmospherically hydrolyzed sample, indicating

chemical reaction and degradation of the crystal, which has not been taken place in
the oxidized sample.

• A selectivity in oxidation can be seen in the oxidized sample. AlAs (AlxGal_xAs, x =

1.0) easily oxidizes compared to GaAs (AlxGal_xAs, x = 0.0). Later on it will be
shown that AlxGal_xAs oxidizes more rapidly for higher AI-content. Therefore the
oxidation technique is called wet 'selective' oxidation.

\\
\\
\\

I \ \\. \\

\ .\~. , ,
\, \\.AI-O\~.. . AJAs-GaAs

\ .....
\\ (b) Oxidized (400 OC, 3h)

10~-.l-.l--lll."';O~.5;i--L---'---'-.....l..-:::1~.O~"""--'---'-71.s

Depth (Jun)

Figure 3.1: SIMs profiles after sample aging of 80 days, of (a) the atmospherically hydrolyzed and (b) the wet selective
oxidized samples [47]

From TEM images Sugg et al. reveal a contraction of the AlxGal_xAs oxidized layer to
60%-70% of its original (unoxidized) thickness, which is assigned to the fact that the molar
volume of AlO(OH) is 27% less than the molar volume of AlAs. The loss of As also
contributes to the volume contraction.

Sugg et al. consider reaction (3.3) as the mechanism responsible for the atmospheric
hydrolysis since the standard heat of formation of Al(OH)) is greater than that of either
a-A120), y-A120) or AlO(OH) at 300 K (see also [50]). Reaction (3.1) and (3.2) are more
likely in the case of wet oxidation for temperatures above 400°C.

The As depletion in the first 0.1 J.1m of the oxidized sample is one order of magnitude greater
than for the hydrolyzed sample. This suggests that a second reaction takes place in the AlAs
layer in the oxidized sample liberating still more As (as AsH)). The reaction may be:
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(3.4)

The large As depletion in the AlAs layer of the oxidized sample indicates that As can playa
significant role in the formation of a stable native oxide and may, in fact, catalyze the
reduction of hydroxyl (OH") groups in AlAs, since these hydroxyl groups are probably
responsible for the instability of the atmospherically hydrolyzed sample.

Oh et aI., [51] noted that earlier attempts to oxidize AlxGal_xAs resulted in volume expansion
of the oxidized films, presumably due to the retention of As. In contrast, steam oxidation
performed in the appropriate temperature range results in volume contraction of the oxidized
film, which is due to the As removal [47, 52].

3.2.2 Transport ofoxidizing species

Besides the uncertainty about the correct reaction mechanism forming the oxide, there is also
the problem of the transport of the reactants to and from the oxidation front through the Al20 3

layer.

The major question in literature has always been if the oxidation is a reaction-limited or a
diffusion-limited process. In a reaction-limited process the supply of reactants is sufficient and
the reaction speed depends on how fast the species can react with each other. In a diffusion
limited process the supply of reactants is not sufficient and determines the reaction speed.

An important indicator for this kind of processes is the relation between oxide depth versus
oxidation time. If this relation is linear, the process will be reaction-limited. If this relation is
parabolic, the process will be diffusion-limited.

Ochiai et al., [53], discuss a theory which is analogous to the theory used for thermal silicon
oxidation developed by Deal and Grove. They state that the temporal dependence of the oxide
thickness Xox is given by:

X~(I): ~ (~I + A2/4H -I) or more simply x;' + Ax~ : HI (3.5)

where B is proportional to the diffusion constant of the oxidizing species moving across the
oxide layer. The parameter BfA is a function of the reaction rate constant for AlAs oxidation at
the oxide-AlAs interface. The BfA parameter is also a function of the vapor transport
coefficient, which determines the supply ofvapor at the gas-oxide interface [54].

In the limit of thin oxide layers (hence short oxidation times), equation (3.5) reduces to a
linear growth law:

2 B
xox « Axox => Xox ~ At (3.6)

Alternatively, in the limit of long oxidation times and thicker oxides, or where oxidant
diffusion across the oxide is the rate limiting mechanism, the oxidation follows a parabolic
growth law:
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x~x »Axox ~ xox ~ JBi (3.7)

Ochiai et aI., [53], showed that the reaction rate constant is smaller than the diffusion
coefficient at lower temperatures (400-440 °C) resulting in a linear growth. For higher
temperatures (~ 500°C) the reaction rate constant is larger than the diffusion coefficient
resulting in a parabolic growth. Oxidation carried out at the lowest and highest temperatures
lie in the linear and parabolic growth regions, respectively. For a given oxidation temperature
the growth shifts from the linear to the parabolic region, as the oxidation progresses in time.

Why is this discussion about diffusion-rate or reaction-rate limited oxide forming so
important? The answer lies in the porosity of the oxide film. Namely, a diffusion-limited
process indicates the formation of a protective, nonporous film, where, on the contrary, a
reaction-limited process indicates the formation of a porous film.

In early studies (1992) parabolic growth laws were found by Kish et al. [55]. They claim the
oxidation to be driven by the diffusion of the mobile ions (AI, Ga, 0, OH). These ions diffuse
via crystal defects in the oxide. Thus, the ion diffusion rate (oxidation rate) will depend on the
diffusion rate of the crystal defects and on their concentration, which is known to be a strong
function of the Fermi level in the crystal.

Burton et al. [56], however, found that the data of Kish could also be fitted on a linear scale.
This is depicted in figure 3.2.a and 3.2.b.
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Figure 3.2.a: Square-linear plot of oxidation depth vs.
time for (a) [55]-1, (b) [56], (c) [55]-2 from [56]

Figure 3.2.b: Linear-linear plot of same data in figure
3.2.a, [56]

Besides Burton several other scientists found linear growth laws too [56, 57, 58, 59, 60]. From
this it can be concluded that the oxidation mechanism is a reaction-rate limited rather than a
diffusion-rate limited process and that the transport of the oxidizing species is explained by
porosity of the oxide.

Ochiai, however, predicted a shift from the linear range to the parabolic range with increasing
time, or temperature. Unfortunately, this cannot be seen in the plots presented in the literature.
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Reasons for this can be:
• The material used in the experiments is AlxGal_xAs with a low AI-content (in the

order of 50-60%). Ochiai used pure AlAs. Therefore the oxidation rate decreases
dramatically [61] and the diffusion of the water vapor is less critical.

• The oxidizing temperature was smaller than 500 ac.
• The oxidizing time was not long enough (maximum one and a half hour).

3.2.3 Vertical versus lateral oxidation

Sugg et al. used the possibility to oxidize the AlxGal_xAs-layers laterally for the first time in
the fabrication of native-oxide-embedded AlyGal_yAs/GaAs/AlxGal_xAs quantum-well hetero
structure lasers [62, 63]. The difference between vertical and lateral oxidation is shown in
figure 3.3

AlGa,.,.As

GaAs-substrate

Figure 3.3.a: Schematic of vertical oxidation

GaAs-substrate

Figure 3.3.b: Schematic oflateral oxidation

Homan et al. compared the two oxidation schemes and drew the following conclusions [60]:
• The vertical oxidation shows saturation for longer times (see paragraph 3.3.2 for

more explanation);
• The lateral oxidation rate is about 1.5 to 2 times as large as the vertical oxidation

rate.

The oxidation stop for vertical oxidation indicated in the first point is not confirmed in other
literature, although it would explain the diffusive character of the oxidation process after
longer time of oxidation. However, the higher oxidation rate for lateral oxidation compared to
vertical oxidation under the same conditions is found by other researchers too.

Although the linear oxidation rate can be explained by porosity of the oxide (see paragraph
3.2.2), the higher oxidation rate for laterally oxidized layers can not be explained by the
porosity only. An explanation for the higher rate may be found in the contraction of the oxide
layers due to less molar volume and the originating of transport 'canals' along the oxide
semiconductor interface. This will be further explained in paragraph 3.3.2

3.2.4 Enhanced oxidation at p-n junctions

Maranowski et aI., [64], report an anisotropic oxidation mechanism that proceeds in the region
of a p-n junction for the case of deep lateral oxidation. Figure 3.4 shows the SEM-image of a
stained crystal cross-section of a doped AlxGal_xAs-GaAs quantum-well heterostructure
oxidized with an exposed mesa edge.
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AlxGal-xAs-GaAsQWH
(H20+N2, "425°C,
70 min)

Figure 3.4 SEM-image ofanisotropic oxidation alongp-njunction, [64]

From this figure a lateral oxide 'spike' is evident extending from left to right along the p-n
junction. Although it is known that oxidation of n-type AlxGal_xAs proceeds more slowly than
oxidation ofp-type AlxGal_xAs with equal composition (see paragraph 3.4.3) [55], the doping
dependence of the oxidation rate becomes substantial only at lower (x =0.6) AlxGal_xAs
compositions [64]. Therefore, Maranowski et aI. suppose another reaction mechanism to drive
the oxidation laterally in the presence of a p-n junction.

The higher energy (nco ~ Eg) blackbody radiation of the furnace generates electron-hole pairs
in the p-n junction. The built-in field across the junction sweeps the excess holes to the p-side
and the excess electrons to the n-side. This results in a p-doped layer serving as an anode
(positively charged by excess holes), while the n-doped layer serves as a cathode (negatively
charged by excess electrons).

The anodic (oxidation) reactions forming the reaction products of equations (3.1), (3.2) and
(3.3) are:

Al + 3 H20 ~ AI(OH)) + 3 H+ + 3 e

Al + 2 H20 ~ AIO(OH) + 3 H+ + 3 e
Al + 1~ H20 ~ ~ AI20) + 3 H+ + 3 e-

The corresponding cathodic (reduction) reaction is:

(3.8)

(3.9)

(3.10)

(3.11)

Photogenerated excess electrons charge the cathode, while the excess holes charge the anode.
Thus, light serves to accelerate both partial reactions, leading to the anisotropic spike along
the p-n junction.

Burton et aI. also found this anisotropic oxidation at both n-n and p-p heterojunctions as well
as at an interface where only the AsH4 flow rate was changed during sample growth.
Therefore, they do not agree with Kish et aI., but attribute the anisotropic oxidation to induced
stress which is caused by the slight volumetric change during oxidation.



CHAPTER 3: Wet Selective Oxidation

3.3 Structure of oxide

31

In defining the structure of the oxide formed by wet selective oxidation the most popular
characterization methods are TEM-studies and associative electron diffraction patterns of the
crystal, often complemented with Auger Electron Spectroscopy (AES) and Secondary Ion
Mass Spectroscopy (SIMs).

In this paragraph the influence of the wet selective oxidation is discussed on:
• interface of oxide terminus
• interface of oxide-semiconductor after lateral oxidation
• crystal structure (amorph/polycrystalline)

3.3.1 Early TEM-studies

Kish et al. studied the interface of the oxide terminus of AlxGal_xAs-oxides (x = 0.5 and x =
0.8) in 1992 via TEM and the influence of stop-layers on this interface [48].

They found the oxide to be essentially amorphous with a moderately smooth interface. In the
oxide formed from Alo.sGao.2As small crystalline granules are present. Kish et al. attributed
these granules to be originated by the prolonged electron beam irradiation and not to be
inherently present in the oxide (upon [65]). In later studies, Twesten et al. do make statements
about these granules (see paragraph 3.3.2) [66].

To improve the smoothness of the interface Kish et al. embedded Ifio.sGao.sp
Ifio.s(AlxGal_x)o.sp 'stop layers'. These phosphorus compounds oxidize at a much slower rate,
and thus effectively 'stop' the oxidation process under the proper conditions. TEM studies
reveal that the interface has improved, indeed.

Sugg et al. compared TEM images and electron diffraction patterns of an as-grown and
vertically oxidized Alo.sGao.2As sample in 1993 [49]. From their TEM-images they state that
the oxide consists of a fine-grain amorphous structure, and the oxide terminus is uniform and
abrupt. The amorphous nature of the oxide is confirmed by the electron diffraction pattern.

Sugg et al. compared the lines of this pattern with standard x-ray diffraction lines for the
numerous phases of A120 3, ALO(OH), and AL(OH)3' They obtain only four phases of A120 3
(T], y, X. and 0) as possible matches. These modifications of A120 3 form at moderate
temperatures (200°C - 500°C) and represent phases of A120 3 formed from dehydration of
hydrated alumina. According to Sugg et al. A10(OH) is also a possibility, although it is
probably present to a lesser degree than the various forms of A120 3 since it may have reacted
with AlAs to form A120 3(see equation (3.4)).

3.3.2 Recent TEM studies

Choquette et al. discuss the strain field of the oxide terminus for oxides converted from
Alo.9sGao.o2As and AlAs. They observe no evidence of strain or other extended defects
(dislocations, crystalline defects) for the Alo:9sGao.o2As-converted oxide. However, near the
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terminus of the oxide formed from AlAs clear evidence of a strain field is observed.
Choquette et aL claim the strain presumably to arise from the volume shrinkage in the
oxidized AlAs layer, which is ~ 12% in comparison to the shrinkage of the oxidized
Alo.9sGaomAs-layer (6.7%). Therefore, they conclude the mechanical instability of devices
containing AlAs oxide layers is caused by the strain seen at the AlAs-oxide terminus [58, 67].

Guha et aL [73] investigated the oxide converted from pure AlAs by electron diffraction. They
found the ring pattern could be perfectly matched to that expected from y-AI20 3. The
measured lattice constant of 7.87 A agrees with the expected lattice constant of 7.9 A of
y-AI20 3. From these results they conclude that the wet selective oxidation of AlAs reveals in
the formation of the y-A120 3 polycrystalline phase, which has a cubic structure. From the
diffraction rings of the oxide they are able to estimate the grain size of the y-Al20 3, which
turns out to be about 8 nm.

Guha et aI., like others, state that in the wet oxidation process, most of the AIO(OH), if
formed, is converted into y-AI20 3, by removal of the hydroxyl groups upon annealing (see
equation (3.4)). They expect the oxide to be formed by equation (3.1), which implies 2
molecules of AlAs to react to form one molecule of A120 3, which means a shrinkage of about
50%. This order of shrinkage would lead to enormous hydrostatic stress. The formation of
voids at oxide-semiconductor interface would reduce this stress. These voids ('canals') are
clearly seen in bright field TEM images.

The phenomenon of 'canals' at the oxide-semiconductor interface can explain the higher
oxidation rate of laterally oxidized versus vertically oxidized layers. The transport of the
chemical species to and from the oxidation front through the 'canals' along the oxide
semiconductor interface is fast and would explain the diffusion-unlimited and thus linear
reaction process in the lateral case (more information about diffusion-limited and/or reaction
limited processes can be found in paragraph 3.2.2).

The stresses also appear to contribute to the formation of defects close to the oxide terminus
and in the AlxGal_xAs layers near the oxide-semiconductor interface. These defects are
confined to be within a 300 nm AlxGal_xAs layer adjacent to the oxide.

Where Guha et aL studied pure AlAs converted layers, Twesten et. aL concerned themselves
about AlxGal_xAs layers with x = 0.98 and x = 0.92. They also found that the crystallographic
phase of the oxide formed via the wet selective oxidation of AlxGal_xAs is polycrystalline
y-AI20 3·

In their images near the oxide terminus (both x = 0.98 as x = 0.92) there is a region containing
neither y-A120 3 grains nor crystalline AlxGal_xAs. Twesten et aL consider this as an
amorphous layer at the oxide terminus, implying the reaction to proceed from an initially
amorphous phase to the polycrystalline phase. It is likely that the amorphous phase is a
hydrated phase such as amorphous AI(OH)3 or AIO(OH) which would react further to
y-AI20 3, like in equation (3.4).

This is also evidenced by the random distribution of fine y-AI20 r grains, indicating the
precipitation from a random precursor rather than a direct crystal-to-crystal transformation.
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Further study of the y-AI20 3-grains reveals that most grains are about 4 nm in diameter and
that these particles are surrounded by an amorphous matrix.

Twesten et al., like Guha et aI., find also void cavities near the oxide-semiconductor interface
(only for x = 0.98). They state, however, that these cavities are not at the direct interface, but
are about 15 nm from it and are surrounded by y-AI20 r grains. These cavities are only found
within 1 )lm of the oxide terminus, but show remnants as regions of lower y-AI20 3-grain
density far behind the terminus. Another TEM-image indicates that the cavities are not really
void but contain an amorphous material (probably AI(OH)3 or AIO(OH». With the oxidation
rate of Alo.9sG<1Q.o2As being more than five times greater than Alo.92G<1Q.osAs, the formation of
these cavities suggests they are a result of the rapid reaction kinetics of the oxidation process.

Unlike Twesten and Guha, Takamori et al. do not report on void cavities near the oxide
semiconductor interface [68] in similar TEM-studies for AlAs-converted oxide. Mainly, they
study the oxide terminus and the oxide-semiconductor interface. They state that the widths of
the transitional region are within 4 monolayers for the oxide-semiconductor interface and 6.5
nm for the transitional region at the oxide terminus, which is shown in high-resolution cross
sectional TEM images.

They measure the contraction of the oxidized layer to be 13%. They conclude that the oxide
thickness gradually changes from the oxide terminus and the transition region is less than 200
nm long.

3.4 Effects of other parameters on oxidation

3.4.1 Temperature dependence, Arrhenius plots and AI-content

From paragraph 3.2.2 it is known that the oxidation growth versus oxidation time fits a linear
law:

B
x =-t = kt

ox A (3.12)

According to classical oxidation theory, the rate constant k of equation (3.12) is found to obey
Arrhenius' equation:

k = Aexp[- Eo ] (3.13)
kBT

where Eo is the activation energy of the oxidation process. Equation (3.13) implies a higher
reaction-rate constant for higher temperatures. The activation energy Eo indicates how likely a
reaction will proceed. It is to be expected that this activation energy Eo is lower for higher
AI-content AlxGat_xAs-compounds, since compounds with high AI-content have higher
oxidation rates than compounds with low AI-content.

From a typical Arrhenius plot (see figure 3.5) this activation energy Eo can be obtained using:
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Figure 3.5: Typical Arrhenius plot, [48]

In table 3.1 a summary is given for typical values of activation energIes for different
AlxGal_xAs compounds in literature.

Table 3.1: Activation Energies for different compounds

Compound Reference In[kI/k2l lOOOff2 lOOOff l Ea

AlAs [54] 1.9 1.5 1.16 0.48

Alo.sGao.2As [48] 2.5 1.5 1.3 1.08

Alo.7sGao.22As [47] 2.6 1.450 1.315 1.66

Alo.6Gao.4As [47] 3.8 1.400 1.230 1.93

p-Alo.6Gao.4As [55] 5.48 1.46 1.26 2.36

n-Alo.6Gao.4As [55] 4.38 1.38 1.26 3.15

Alo.sGao.sAs [48] 3.2 1.4 1.21 1.45

Illo.sAlo.sP [48] 1.1 1.25 1.1 0.63

From this table it can be seen clearly that the activation energy Ea decreases for increasing
AI-content. Further a difference between the activation energy for p-doped Alo.6Gao.4As and
n-doped Alo.6Gao.4As is noticed, which implies p-doped Alo.6Gao.4As to oxidize easier. The
influence of doping on oxidation depth is discussed in paragraph 3.4.3. The low value for the
activation energy for Alo.sGao.sAs found in [48] is not explained.

The lower activation energy for Illo.sAlo.sP is due to the higher oxidizing temperature.
Ino.sAlo.sP starts to oxidize only just at temperatures above 550 °e.

Lee et al. did an interesting study on the defect-free wet selective oxidation of AlAs which
they found to depend very critically on the oxidation temperature. Oxidation at 370 °e
revealed some defects on the oxide surface (SEM-pictures). At oxidation temperatures of
430 °e also GaAs layers started to oxidize, including a less selectivity of the oxidation. At the
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oxidation temperature of 400°C the oxidation was stopped at the AlAs/GaAs interface and no
defects were found on the surface [69]

A few studies are done on the influence of the AI-content in AlxGal_xAs-compounds on the
oxidation rate. The results of these studies are depicted in figure 3.6.a-c and table 3.2.
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Table 3.2: Oxidation rate versus AI-content,
[60]

rate rate
(nm/min) (nm/min)

Compound (450°C) (550 °C)

Alo.2Gao.gAs

Alo.4Gao.6As 3.8 4.9

Alo.6Gao.4As 5.1 7.0

Alo.gGao.2As 6.9 14.0

Figure 3.6.c: Oxidation rate versus AI-content, [59]

From these figures it can be concluded that (as previously seen from the Arrhenius' plots) for
AlxGal_xAs-compounds with higher AI-content the oxidation proceeds faster.

3.4.2 Crystallographic preference oflateral oxidation

Huffaker et al. observed during the first processing of VCSELs with wet selective oxidation
for current confinement (see paragraph 4.1) a crystallographic preference for the oxidation
process [70]. This crystallographic preference becomes visible in the lateral oxidation of
circular mesas. During oxidation the circular form disappears and a square pattern is created.

Huffaker et al. attributed this crystallographic preference to the graded superlattice layers
grown during MBE between GaAs and AlAs layers. They state that the crystallographic
preference does not have effect for the lateral oxidation of very similar heterostructures in
which these graded interfaces are absent.
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Choquette et al. also make remarks about this crystallographic oxidation dependence. They
detect this 'anisotropic' oxidation in AlxGal_xAs-converted oxides with x ~ 0.92. According to
Choquette et aI, the oxidation rate along the <100> crystal axes is slightly faster than along
the <110> axes, consistent with the lower surface reactivity of {lID} planes as compared to
{100} in GaAs [71].

Since, in AlxGal_xAs for x :::; 0.92, each Al atom on average will have one Ga atom as its
second nearest neighbor, the local bond configuration of the Al atoms will change as
compared to the case in AlAs, producing isotropic oxidation.

3.4.3 Effect ofdoping on oxidation rate

An interesting phenomenon which has come up a few times already is the effect of doping on
the oxidation rate. Kish et al. were the first to observe this [55]. From several analyses they
conclude the doping type only affects the oxidation rate and not the composition or structure
of the oxide. Further, they conclude that the variation in the oxidation is due to a difference in
the position of the Fermi level, and is not a property specific to the dopants themselves.

Kish et al. believe the oxidation process is diffusion-rate limited. They state the species to
diffuse via crystal defects in the oxide. Hence, the oxidation rate is enhanced for larger
concentrations of crystal defects, which is known to be a strong function of the position of the
Fermi level in the crystal. As the doping affects the Fermi level in the crystal directly the
doping will influence the oxidation rate.

This explanation is doubtful, since:
• their assumption of a diffusion-limited oxidation process is not necessarily correct

(see paragraph 3.2.2, figure 3.2.a-b).
• their Fermi-level theory does not include the pinning of the Fermi-level at the

surface.
• the dependence of the oxidation rate on doping-type is not seen for higher AI-content

AlxGal_xAs compounds [64]. However, experiments at the Einhoven University of
Technology do not confirm this argument. Slight differences in oxidation rate for
n-AIAs and p-AIAs are found in [76].

Where Kish et al. reject the influence of the doping species themselves, Bun Lee et al. do
attribute the enhanced oxidation rate to the kind of doping species [72]. They noticed that the
oxidation of AlAs layer was most enhanced by using C-impurities as doping.

The oxidizing ions react with charged C atoms occupied at the As sublattice sites first, and
then easily react with the neighboring AlAs lattice. The oxidation reaction with the C-doped
AlAs layer is as follows [72]:

2 H20 + CAs ~ CO2 + 2 H2

3 H20 + 2 AlAs ~ Al20 3 + 2 AsH3

(3.15)
(3.16)

where the final product is a stable Al20 3 crystal with gaseous forms of CO2, H2 and AsH3"
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3.4.4 Annealing ofoxide
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Annealing is the exposure of a sample to higher temperatures in the presence of a gaseous
ambient or in vacuum and forms an important step in the protection of AlAs-layers being
oxidized by wet selective oxidation, which will be discussed in paragraph 4.4 and 4.5.
Therefore, the annealing of AlxGal_xAs-converted oxide will be discussed in detail in this
paragraph.

Sugg et al. studied the influence of annealing on the structure of the oxide. Therefore they did
the following experiment [49]:

A 1 J.lm Alo.sGaQ.2As layer is vertically oxidized at 425°C in an H20 vapor carried by N2.
for 40 min. Following the oxidation, the crystal is cleaved into three pieces. The fust
crystal is the as-oxidized standard. The second and third crystals are sealed in separate
evacuated quartz ampoules (10.6 Torr) with 0 mg As and 5 mg As, respectively. The
crystals in the sealed ampoules are then annealed at 540°C for 4 hours.

TEM images indicate that the oxide before annealing is 0.26 J.lm thick.

The annealed sample without excess As overpressure (vacuum) reveals that the oxide has
increased in thickness to 0.29 J.lm. A white line is present at the as-oxidized crystal oxide
terminus. Dark clusters of material are present on the Alo.sGao.2As side of the interface. These
clusters may be As-precipitates. The electron diffraction pattern of the oxidized and annealed
sample is nearly identical, indicating no apparent change in composition. The annealed
sample with As overpressure exhibits a change in the structure of the native oxide. The oxide
has increased to 0.29 J.lm also. The white line is not present at the original oxide interface and
the interface seems to be as abrupt as in the case of the as-oxidized sample.

With SIMs the concentration of As in the oxidized and the annealed samples is measured. As
expected the as-oxidized sample shows a complete depletion ofAs in the oxide (see paragraph
3.2.1). For the sample annealed without As-overpressure the As-concentration in the oxide has
increased to a level approximately equal to the As-concentration in the non-oxidized
Alo.sGao.2As. The sample annealed with As-overpressure shows an As-concentration rise
which exceeds the As-concentration in the non-oxidized Alo.sGao.2As. For the last sample also
a decrease in the 0- and H- concentration is observed. This would imply that a reaction may
occur between the AS4 in the vapor and the OH and H20 molecules in the oxide.

From ellipsometer measurements Sugg et al. find a refractive index of n = 2.93 (± 0.03) with a
thickness of about 550 A (± lOA) for the annealed sample without As-overpressure. The
measured interface region probably corresponds to the dark clusters at the oxide terminus seen
in the previously discussed TEM-images. For the sample with As-overpressure a refractive
index of n = 2.78 (± 0.1) with a thickness of about 300 A(± 30 A) is found.

3.4.5 Effect ofheterointerface structures on lateral oxidation rate

Kim et al. investigated the effect of the sample structure on the lateral oxidation rate [59].
Therefore, they have grown two heterostructures. In one sample there are direct interfaces
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between AlAs and GaAs, while the second sample has the same AlAs thickness, but
additional 10 nm-thick Alo.nGao.2sAs layers on both sides of the AlAs layer.

They noticed that the AlxGat_xAs step layer reduces the lateral oxidation rate. Kim et al.
contribute the reduction of the oxidation rate to the resist of the induced stress by the
volumetrical contraction. As a result, the forming of transport 'canals' (see paragraph 3.3.2)
would be avoided implying a reduction of the oxidation rate.

Kim et al. further examined the influence of the AlAs thickness on the lateral oxidation rate.
They found a very strong dependence for thicknesses less than 80 nm. For smaller thicknesses
the oxidation rate decreases significantly, where for thicker AlAs-layers the oxidation rate
saturates. According to them, oxidation is not possible for AlAs layers smaller than 11 nm.
These observation are in agreement with the findings of Dallesasse et al. who found that thin
AlAs layers (::S; 20 nm) are not susceptible for degradation in room ambient.

3.4.6 Effect ofoxidation on photoluminescence

The lateral oxidation of AlxGa'_xAs layers increases the concentration of defects in the
surrounding GaAs layers (see paragraph 3.3.2 and [73]). If the oxidation causes a large
number of interface states to form in the GaAs, the resulting increase in the nonradiative
recombination will decrease the photoluminescence (radiative recombination) in the
surrounding GaAs-material. This decrease of photoluminescence is not desirable, since a
decrease of radiative recombination will decrease the efficiency and, thus, increase the
threshold current [74].

A way to solve this problem is found by Kash et al. and Islam et al. [74, 75]. They found that
introducing thin (200-300 A) oxidation 'stop' layers of AlxGa'_xAs (0.2 ::s; x ::s; 0.3) prevents
this decrease of photoluminescence.

Islam et al. even found a way to improve the photoluminescence. Where AlxGa'_xAs
converted oxides affect the photoluminescence of surrounding GaAs layers negatively, oxides
converted from InyAl,_yP even raise this photoluminescence [75].

3.5 Conclusions

Wet selective oxidation is an oxidation technique which exposes a semiconductor sample
containing AI-compound layers to a saturated H20 ambient carried by Nrgas at elevated
temperatures (T ~ 400°C).

Wet selective oxidation ofhigh AI-content AlxGat_xAs-layers has proven to be a powerful tool
in the processing of 111-V heterostructure semiconductor devices. The oxides have a good
mechanical as well as thermal stability and are stable to most common AlxGa'_xAs-etch
processes. Thereby, the electrical insulating properties of the oxides are excellent.

A great advantage of the wet selective oxidation compared to common oxidation techniques
like (plasma) anodic oxidation and thermal oxidation concerns the ability to oxidize
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AlxGa'_xAs-layers laterally. Another important advantage is the selectivity of the oxidation.
The oxidation rate for AlAs compared to Alo.gGao.2As differs two orders in magnitude.

The oxidation can develop in a one-way or a two-way process. In the first process AI20) is
produced, accompanied with the AI-compounds AIO(OH) and AI(OH)):

2 AlAs + 3 H20 ~ AI20) + 2 AsH)
AlAs + 2 H20 ~ AIO(OH) + AsH)
AlAs + 3 H20 ~ AI(OH)) + AsH)

The second process involves the production of AI20) from AIO(OH):

The oxide formed is determined to be y-AI20) by electron diffraction. The oxide layer consists
of y-Al20 r grains (dimension 4-8 nm) in an amorphous matrix. The oxide terminus is
determined to be amorphous.

Oxidation thickness versus oxidation time measurements indicate that the oxidation is formed
by a linear, reaction-rate limited process. For higher temperatures and longer oxidation times
the oxidation tends to be diffusion-limited.

A striking difference is the oxidation speed for lateral compared to vertical oxidation. Lateral
oxidation proceeds about twice as fast. This phenomenon is explained by the contraction of
the AlxGa'_xAs-converted oxides. The final produced oxides contract to 80-93% of the
original AlxGa'_xAs-layer thickness. This contraction leads to the forming of 'canals' at the
oxide-semiconductor interface, implying a faster transport of reactants, and hence a higher
oxidation speed.

Besides the AI-content in the AlxGa'_xAs-compounds the oxidation rate can strongly be
influenced by layer thickness (AlAs-layers smaller than 11 nm do not oxidize), doping (p-type
AlxGa'_xAs tends to oxidize faster than n-type AlxGa'_xAs) and transition layers.
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Sealing top DBR against oxidation

4.1 Introduction

The VCSELs designed and fabricated at the Eindhoven University of Technology are of the
intra-cavity contacted design. In paragraph 4.2 this design is compared with other, more
conventional, designs and it is shown why this design is very promising.

In paragraph 4.3 an overview is given about the processing of the intra-cavity contacted
design like it is fabricated in Eindhoven. It will tum out that a major disadvantage of the intra
cavity contacted VCSEL compared to the more common designs is the increased complexity
ofprocessing.

When the AIAs/GaAs material system is used for the upper reflector stack an implication of
the intra-cavity contacted VCSEL is the protection of the AlAs-layers in the top-DBR against
the wet selective oxidation during the realization of the current-confinement. Where other
methods of preventing the AlAs-oxidation in the top-DBR found in literature fail for dry
etched mirrors, a new method of sealing these AlAs-layers is developed and is discussed
extensively in paragraph 4.4.

Because no basis for the formation and working of the seal can be found in literature an
attempt is made to give a theory for the formation of the seal and why it is protective in
paragraph 4.5.

During the experiments with the sealing and the fabrication of oxidized mirrors by D. Volpe
(graduate student in the same period) the need arose for a furnace where the oxidation could
be followed visually. The design for this quartz-glass furnace is presented in appendix E.
More accurate information about the oxidation process in general is also presented in this
appendix.

4.2 VeSEL-design

A lot of work on the design and fabrication of VCSELs at the Technical University of
Eindhoven (TUE) is carried out by M. Creusen. Besides much information presented here is
extracted from his report, a lot ofadditional information can be found in his work [76].
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4.2.1 General design

As depicted in figure 1.1.b the VeSEL consists of 5 parts:
• top contact, p-type
• top mirror
• active region
• bottom mirror
• bottom contact, n-type

The top and bottom contact provide current injection into the active region, creating an
inversion layer of electrons. Back-and-forth bouncing photons stimulate these injected
electrons to recombine under emission of a photon with the same properties, like wavelength
and phase, as the stimulating photon. The generated light is coherent and is called laser-light
(light amplification by stimulated emission of radiation).

Since the cavity is small (typical in the order of a few wavelengths (2 J-lm), compared to 300
J-lm in a conventional laser) the optical gain is low and puts high demands on the mirrors. For
a top-emitting VeSEL the top-mirror reflectivity is typical about 99.0%, where the bottom
mirror reflectivity is 99.995% (~ 100%). This requires a top-DBR with 18 alternately quarter
wavelength GaAs/AIAs layers and a bottom-DBR with 28.5 alternately quarter-wavelength
GaAs/AlAs layers for the VeSELs developed at the Eindhoven University of Technology
(TUE-VeSEL), see paragraph 4.2.4 and [76].

4.2.2 Gain-guided VCSELs versus index-guided VCSELs

In general there are two kinds of mechanisms to confine the light and current in VeSELs. The
first mechanism is called 'gain-guiding' and forces the current into an injection-path
localizing the optical gain. The second mechanism is called 'index-guiding' and uses lateral
refractive index variations to confine the light and the charge carriers, similar to the
confinement obtained in single-mode fibers. The difference between these two designs is
depicted in figure 2.1.

In the gain-guided VeSELs proton-implantation is mainly used for current confinement. The
index-guided VeSELs are fabricated by etching a circular or square pillar (mesa) through the
active region into the bottom DBR. The contacting for both VeSELs is done on top of the
top-DBR and at the bottom of the substrate.

These relatively easy to process VeSELs have the disadvantage that the current is injected
through the mirrors, resulting in a high series resistance and a high threshold current. This
problem is bypassed in the intra-cavity contacted VeSEL (see paragraph 4.2.3).

4.2.3 Intra-cavity contacted VCSELs

Yang et al. were the first who tried to bypass the series resistance caused by the mirrors [77].
Scott et al. presented the scheme of a complete intra-cavity contacted VeSEL for the first
time [78]. In figure 4.l.a a schematic of such an intra-cavity contacted VeSEL is depicted. In
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this design the current is injected into the active regions through two highly doped contact
layers surrounding the active layers.

Figure 4.1.a: Intra-cavity contacted VeSEL-design Figure 4.l.b: Intra-cavity contacted VeSEL-design with
current confinement

Three advantages of this design are:
• the current path through the mirrors is bypassed, resulting in a lower series

resistance. Another consequence is the prevention of the inevitable heating of the
mirror by the current, which causes damage to the DBR-Iayers.

• the epitaxial layers can be grown on semi-insulating GaAs-substrates, resulting in
less parasitic elements and electrically separated devices.

• The electrical and optical designs are decoupled and can be optimized seperately.

A disadvantage is the necessity of current confinement, since without an extra gain-guiding
mechanism the current will flow, via the side of the large mesa, directly from the p-contact to
the n-contact. A design with current-confinement in the large mesa is presented in figure
4.l.b.

For the current confinement two possible mechanisms are known:
• Selective wet etch ofAlAs. This method results in mechanically unstable devices and

high threshold currents.
• Wet selective oxidation of AlAs, resulting in mechanically and thermally stable

devices with low threshold currents.

4.2.4 The design ofTUE-VCSELs

The final developed design by M. Creusen consists of an intra-cavity contacted design with
two strained lno.17Gao.83As quantum wells (A. = 980 nm) as active layers. The current
confinement is realized by wet selective oxidation of AlAs layers, which are adjacent to the
quantum wells.

The binary AIAs/GaAs material system is used for the mirrors, since the MBE growth of these
layers is easier and the thermal conductivity is higher, compared to the ternary AlxGal_xAs
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material systems. The number ofpairs AIAs/GaAs is 18 (reflectivity = 0.993) for the top-DBR
and 28.5 (reflectivity ~ I) for the bottom-DBR

An implication of this design is the necessity of protecting the top-DBR AlAs layers against
wet selective oxidation during the current confinement fabrication (conversion of AlAs into
AI20 3). This protection may be realized in two ways:

• Deposition of thick silicon nitride before etching the second mesa (see paragraph 4.3)
• Sealing top-DBR according to Huffaker et al. [79], implying extra processing steps.

This will be dealt with extensively in paragraph 4.4.

4.3 TUE-VeSEL-processing

Before dealing with the problems concerning the protection of the AlAs-layers in the top
DBR against oxidation first the total processing of the VCSELs is discussed. The processing
consists of 5 mask-exposures. The total processing involves 13 major steps. A short
description of every process step is given below accompanied with a clarifying figure. For
exact information on the process steps one is referred to Appendix B.I and B.2.

The wafer is grown by MBE at the Eindhoven
University of Technology Physics Department. The
exact structure of the wafers is given in paragraph
4.2.4 and appendix C.I and C.2. Information about
exact thicknesses, doping levels, growth menus and
motivations for the design can be found in [76].

A 300 nm thick Si3N4-layer is deposited by Plasma
Enhanced Chemical Vapor Deposition (PECVD),
which is patterned by standard optical lithography.

The first mesa is etched by Reactive Ion Etching
(RIE). The etch has to stop in the heavily p-doped
contact layer.
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---------

-----

After the first mesa is etched the sealing process is
done. This is done with a 10 seconds wet etch in a
diluted solution, followed by a Rapid Thermal
Anneal (RTA) step, which exposes the sample 30
seconds to an ambient of 90% N2 and 10% H2 or O2
at 550 DC. More information about this process is
discussed in paragraph 4.4.

The fifth step involves the preparing of the mask for
the second mesa. This is done by depositing a 900
nm thick Si3N4-layer by PECVD, patterned by
standard optical lithography. The thick Si3N4-layer
also serves as a protection coating against oxidation.

In this step, the second mesa is etched with RIE.
Like in the third step, it is important to end in the
heavily n-doped contact layer.

At this point, the current confinement can be
realized. This is done by wet selective oxidation of
the AlAs-layers surrounding the active region. The
fabrication of the oxide will force the current to go
through the active region under the top-DBR. The
wet oxidation is carried out in a furnace heated to
400 DC, with a saturated H20 (95 DC) ambient
carried by a N2-carrier gas (flowrate =0.6 l/min).

The following steps concern the metallization of the
VCSEL. To be able to probe the VCSEL contact
pads have to be realized. Therefore, a passivation
layer is created to separate the p- contact pad from
the n-doped GaAs contact-layer. The passivation
layer consists of a Si3N4-layer deposited by PECVD.
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Step 8-10 concern the lift-off process for the p-metal
contact. First a resist profile has to be generated with
standard photolithography. At the places where
resist is left no metal will remain after the lift-off
process.

An angle-evaporation of the p-metal is done,
because a large vertical step (about 1 J.1m) has to be
covered with metal. The p-metal consists of TiAu

Lift-off. The resist is dissolved in acetone, removing
the metal on top.

Process-steps 8-10 are repeated for the n-metal
contact pads. Here again a standard photolithography
is used to generate the resist profile.

No angle metal-evaporation is done, since no large
vertical step has to be covered with metal. The n
metal consists of GeNiAu
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= Lift-off. The resist is dissolved in an acetone--= solution. The on top situated metal is also removed

4.4 Sealing oftop-DBR

4.4.1 Early attempts to seal the top-DBR

The first way to protect the top-DBR during the wet selective oxidation for the current
confinement was to deposit a thick Si3N4-layer around the top-DBR. This method worked
well for larger VCSELs (dimension top-DBR about 40 Ilm), but failed for smaller devices
[76]. An explanation for this phenomenon is not known.

A new method to protect these AlAs-layers in the top-DBR against wet selective oxidation
was found by Huffaker et al. [79]. They fabricated a protective seal by an RTA-step to a
temperature of about 500-600 °C in forming gas (90% N2, 10% H2) after they exposed the
wet-etched sample to room ambient. They stated that the high temperature anneal forms a thin
but dense surface oxide which blocks further oxygen diffusion or surface reactions. In their
article, it was unclear how long the exposure to room-ambient should be. The exact formation
of the sealing-product and why it is protective is not given by Huffaker et al.

Following Huffaker's method, M. Creusen and C. Mac Mahon (a graduate student at the
electronic devices group in the period April 1996 till October 1996) failed to reproduce these
method of sealing for dry etched (RIE) mirrors. Later, in e-mail conversations, Dr. Huffaker
confirmed that their sealing method did not work for dry etched mirrors, but only for wet
etched mirrors.

To still seal the dry-etched top-DBR a new protection method is developed based on the
'Huffaker method' in combination with the observation that the oxidation process is a one
shot process. A one-shot process in this case means that the oxidation does not continue after
it has been interrupted by taking the sample out of the furnace.

Creusen and Mac Mahon found very promising results with this new protection method [76],
but their results were not reproducible.

4.4.2 Experiments on sealing top-DBR

In table 4.1 all the experiments concerning sealing of the top-DBR and their results are
presented. To obtain a good seal, experiments have been focused on the study of the following
parameters in the oxidation process:
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• pre-oxidation. In the new protection method a pre-oxidation (30 s) is done with wet
selective oxidation. The pre-oxidation has to oxidize the top-DBR a little, which
would protect (after annealing in the RTA) the top-DBR against further oxidation,
because of the one-shot character of the oxidation process. Typical pre-oxidation
times are between 30 seconds and 2 minutes. The samples are exposed to an H20
vapor (95°C) carried by N2 (0.6 l/min) at 400°C.

• 24-hour room ambient oxidation. The first experiments deal with the influence of
room ambient on the oxidation, for two reasons. One, Huffaker mentions the expo
sure of the sample to room ambient for a certain amount of time before being an
nealed in the RTA. Two, in one of the experiments a sample has been sealed which
has been exposed to room ambient for 24 hours.

• composition of gas in the RTA. In one of the e-mail-conversations with Huffaker,
she mentioned the necessity of O2 as a part of the gas-composition during the RTA
step. Two kinds of gas-mixtures are examined: 10% H2 & 90% N2 and 10% O2 &
90% N2, further referred to as 'forming gas' and '1:9 021N2', respectively. The sam
ples are annealed in 30 seconds at 550°C.

• wet etching versus dry etching. Since the 'Huffaker method' only works for wet
etched mirrors, the influence of this process step is examined. The solution for an
effective seal is also found in this difference. The wet etch and dry etch process is
described in appendix B.3 and B.1, respectively.

• dip in diluted wet-etch solution. A major difference between wet etching and dry
etching is the damage caused on the edges of the etched mesas. Dry-etching com
pared to wet-etching is more aggressive, resulting in a more corrosive surface
(damage). A dip in a diluted wet-etch solution after dry etching would smoothen
these edges revealing a surface equivalent to a surface etched by wet-etching. It will
be shown that this is a key-step in obtaining a seal for the top-DBR in paragraph 4.5.
The diluted wet etch is done in a 1:2:50 = NH40H:H20 2:H20 solution at room tem
perature for 10 seconds.

Table 4.1: Experiments for new sealing method

Nr. Wafer pre-ox. 24-hours gas-compo wet/dry diluted sealed
etch

1 W839L60-1a 30 s yes forming dry yes
2 W839L60-1b 1 min. yes forming dry yes
3 W839L60-1c 2 min. yes forming dry yes
4 W839L60-2a 2 min. forming dry no
5 W839L60-2b 2 min. yes forming dry no
6 W759L52-1a yes 1:9021N2 wet no

forming
7 W759L52-1b yes 1:9021N2 wet yes
8 W759L52-1c yes forming wet yes
9 W759L52-2a 1:9021N2 wet yes
10 W759L52-2b forming wet yes
11 W759L52-3a wet no
12 W759L52-3b yes wet no
13 W759L52-3c 1:9021N2 wet yes
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Nr. Wafer pre-ox. 24-hours gas-compo wet/dry diluted sealed
etch

14 W759L52-3d forming wet yes
15 W759L52-4a yes forming dry no
16 W759L52-4b yes dry no
17 W759L52-4c 1:9021N2 dry no
18 W759L52-4d forming dry no
19 W759L52-5a 1:9021N2 dry no
20 W759L52-5b forming dry no
21 W759L52-5c dry no
22 W820L57-fla 1:9021N2 dry no
23 W820L57-flb forming dry no
24 W820L57-flc dry no
25 W820L57-f2a 1:9021N2 dry yes yes
26 W820L57-f2b forming dry yes yes
27 W814L56-fla 1:9021N2 dry yes yes
28 W814L56-flb forming dry yes yes
29 W814L56-flc forming dry no
30 W814L56-f2a 1:9021N2 dry yes yes
31 W814L56-f2b forming dry yes yes

All the experiments (except 30 and 31) involve one masking step. For the dry etched mesas
the recipe displayed in appendix B.l from step 1.1 till 1.8 is followed. For the wet etched
mesas the recipe printed in appendix B.3 is followed. The mask which is used for the
experiments 1 till 29 is the mask for the patterning of the second mesa instead of the first
mesa, since these mesas are larger and therefore easier to see under the microscope. For the
experiments 30 and 31 steps 1.1 till 2.4 of Appendix B.l is followed and involves the etching
oftwo mesas, from which the first one is sealed and the second is oxidized.

All the samples are wet oxidized for 7 minutes by exposing the sample to an H20 vapor (- 95
DC) carried by N2 (0.6 IImin) at 400 DC. The samples are examined by optical microscopy
after oxidation. If the sample is not sealed, clear oxidation fronts are visible (see fig. 4.2.b for
example). In cases where no traces of oxidation were determined by optical microscopy,
cross-sectional SEM-images have been made (see fig. 4.4.a for example). In these images
oxidized AlAs-layers become black, where unoxidized AlAs layers are dark-grey and GaAs
layers are light-grey.

Table 4.1 can be read as follows: For example, experiment 15 deals with the fourth sample of
the wafer W759L52. This sample is dry-etched, followed by an exposure of 24 hours to room
ambient and in the end annealed in forming gas for 30 s at 550°C. Afterwards the sample is
oxidized by wet selective oxidation for 7 minutes. The result is that the sample is not sealed,
since oxidation was determined by either optical microscopy or SEM.

The wafers W839L60 and W759L52 are structures with the growth of two DBRs (a top and a
bottom mirror), consisting of alternately AIAs/GaAs layers by MBE, separated by a thick
GaAs layer. The wafers W814L56 and W820L57 are two VCSEL-structures containing both
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18 pairs of AlAs/GaAs for the top-DBR..W814L56 has only one current-confinement layer at
the n-side of the active layer, where W820L57 has two current-confinement layers adjacent to
the active region.

4.4.2.1 First experiments with dry-etching

The first experiments were based on the sealing method developed by Creusen and Mac
Mahon. These included a pre-oxidation of 30s - 2 min. by wet selective oxidation, afterwards
an anneal-step in forming gas for 30 s at 550°C, followed by the final oxidation of 7 minutes
by wet selective oxidation again.

As can be seen from table 4.1 the dry-etched samples (experiments 1 to 3) based on this
method are sealed. This needs explanation. After depositing a Si3N4-layer a lot of inexplicable
bubbles were visible in this deposited layer. The removal of this layer is done in an HF
solution. Afterwards it turned out that the sample is attacked by this solution and a lot of the
AlAs-layers was dissolved.

The experiment, however, due to the lack of material was proceeded and yielded a very well
sealed sample. Why the sealing worked is not clear until now. At that stage it was thought that
the 24-hour exposure to the room ambient had its influence on the result. In samples 4 and 5,
however, the results could not be reproduced.

From experiment 1 till 5 it may be stated that the sealing with the pre-oxidation does not
work. Figure 4.2 shows two photo's. One photo is taken after 2 minutes of pre-oxidation
(figure 4.2.a). The other one is taken after the annealing and the 7 minutes of final oxidation
(figure 4.2.b).

Figure 4.2.a: Picture of top view of a 2 min. pre-oxidized
mesa by optical microscopy, experiment 5

Figure 4.2.b: Picture of top view of annealed and final
oxidatized mesa by optical microscopy, experiment 5

The oxidation is clearly visible in these pictures as the highlighted areas. From these pictures
it can be clearly seen that the sealing does not work.

An explanation may be found in the non-uniform pre-oxidation resulting in oxidized islands at
the edges of the mesa. Therefore, the final oxidation still could proceed along the edges where
no islands are formed.
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4.4.2.2 Experiments with wet-etching following the 'Huffaker method'

51

Because also the new sealing method did not work, it was decided to try to achieve the same
results as Huffaker in their article. Experiments 6 till 14 deal with the sealing method
described in [79]. Since, as stated in paragraph 4.4.2, the exact processing was not clear
several parameters are changed and their influence is investigated. Table 4.1 shows that the
sealing can be obtained by several methods. In figure 4.3 several results are showed.

SEM-photos confirm these results (not shown).

Figure 4.3.a: Experiment 6, top view
of several mesas by optical

microscopy, sealing does not work

Figure 4.3.b: Experiment 7, top view
of several mesas by optical
microscopy, effective seal

Figure 4.3.c: Experiment 8, top view
ofseveral mesas by optical
microscopy, effective seal

4.4.2.3 Experiments based on 'Huffaker method' for dry-etched mirrors

Based on the results achieved by the experiments in paragraph 4.4.2.2 the same process steps
were repeated for dry-etched mirrors. Experiments 15 till 24 have been carried out, all with
varying parameters, but none of them revealing a good sealing result. The results for samples
processed with the W759L52-wafer were more promising than the samples processed with a
real VeSEL wafer (W820L57). These distinctions are depicted in figure 4.4 and 4.5:

Figure 4.4.a: Experiment 19, cross-sectional SEM-image
of dry-etched top-DBR annealed with 1:9 021N2 gas,

sealing is not effective.

Figure 4.4.b: Experiment 20, cross-sectional SEM-image
of dry-etched top-DBR annealed with fonning gas, sealing

is not effective" .. .
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Figure 4.5.a: Experiment 22, cross-sectional SEM-image
of dry-etched top-DBR annealed with 1:9 0iNzgas,

sealing is not effective
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Figure 4.5.b: Experiment 25, cross-sectional SEM-image
of dry-etched top-DBR annealed with 1:9 0iNz gas,

sealing is not effective

4.4.2.4 The dip in the diluted wet-etch solution after dry-etching

Since the sealing-results obtained for wet-etched mirrors could not be obtained for dry-etched
mirrors the distinction had to lie in the etching-method. It is known that dry-etching is more
corrosive than wet-etching. Dry-etching attacks the sidewalls leading to contaminated,
corrosive surfaces, which is further dealt with in paragraph 4.4.3.

Therefore it is tried to remove the granular structure of the sidewalls by a dip in a diluted wet
etch solution in experiments 25 till 31. The dip in the solution works more as a cleaning step
than as a real etch step. However, figure 4.6 and 4.7 show that the form of the top-DBR does
not stay unattacked by the etch-solution. The sidewalls are not complete vertical anymore, but
show a slight negative slope.

The results, however, after annealing in either forming gas or 1:9 02/Nr gas mixture, are
excellent and the samples are sealed. The results are depicted in figure 4.6. and 4.7

Figure 4.6.a: Experiment 25. Cross
sectional SEM-picture of sealed mesa
after wet-etch-dip and annealing with

1:90iNz

Figure 4.6.b: Experiment 26. Optical
microscopy top view picture of sealed
mesa after wet-etch-dip and annealing

in forming-gas

Figure 4.6.c: Experiment 26. Cross
sectional SEM-picture of sealed mesa

after wet-etch-dip and annealing in
forming-gas
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Figure 4.7.a: Experiment 27. Cross
sectional SEM-picture of sealed mesa
after wet-etch-dip and annealing with

1:90/N2

Figure 4.7.b: Experiment 27. Cross
sectional SEM-pictureof sealed mesa
after wet-etch-dip and annealing in

forming-gas

Figure 4.7.c: Experiment 28. Cross
sectional SEM-photo of sealed mesa
after wet-etch-dip and no annealing

The fraction of oxide depicted in figure 4.7.b was the only oxidation which could be found on
the sample. The sample, which was used in experiment 28, did not undergo the dip in the
diluted wet-etch solution and is not sealed which can be seen figure 4.7.c.

The nicest results of the working of the seal are found in experiment 30 and 31. In this
experiment a first mesa was dry-etched uncovering the top-DBR. This first mesa was treated
with the sealing recipe discussed in this paragraph. Afterwards, a second mesa is dry-etched
uncovering the bottom-DBR, which is not treated with the sealing recipe. After the etching of
the second-mesa the sample was oxidized like the other samples. The results are shown in
figure 4.8.

Figure 4.8.a: Experiment 30. Cross-sectional SEM-picture.
The upper mesa is sealed, while the second mesa is

oxidized.

Figure 4.8.b: Experiment 31. Like experiment 30, the upper
mesa is sealed while the second mesa is oxidized.

From the pictures shown in figure 4.8 the effectiveness of the sealing method is proven.
Although the pictures are taken from large mesas, the same results are obtained for small
mesas.

An unexpected phenomenon can be seen in the bottom mirror. The upper-layers of this mirror
are not oxidized. In smaller mesas this effect is not observed, but shows a significant
reduction in the oxidation rate for these layers. This is depicted in figure 4.9.
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Figure 4.9: Experiment 31. Cross-sectional SEM-picture of small mesa. A significant reduction in oxidation rate for upper
layers in bottom mirror is observed

An explanation for this effect is not available. The etching through the bottom-DBR induces a
sputtering effect which results in a deposition of contamination (reactants) on the sidewalls of
the mesa. This contamination would prevent the layers to be oxidized. Since the upper layers
are exposed longer to the plasma during the dry-etching a thicker contamination-layer would
be deposited on the upper layers, resulting in a lower oxidation-rate. Formation of polymers is
excluded, since the etchants used for dry-etching are SiCl4 and Ar, which are non-carbon
containing substances.

4.4.3 Formation and working ofthe sealingfor dry-etched mirrors

It is hard to find out in what way the sealing is formed and why it is protective against further
oxidation. The state-of-the-art literature does not give answers for this topic. A theory about
the forming of the seal is discussed in this paragraph and is a combination of speculation and
knowledge gathered from chapter three which deals with oxidation in general and wet
selective oxidation in particular. To gain more insight in the sealing formation and its working
more investigations are required.

To describe the theory an imaginary sample is
treated, which consists of an 80 nm thick AlAs layer
grown on a GaAs substrate covered by a 100 nm
thick GaAs cap layer.
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The sample is then dry-etched, which results in
vertical sidewalls, which are corrosive due to the
aggressive etching-method and contaminated by the
sputtering effect.. The contamination will not
contain polymers, since SiCl4 and Ar are the
etchants used and contain no carbon.

During some routines (carrying the sample around,
measuring mesa heights, cleaving of the sample,
etc.) the AlAs-layer will be oxidized due to
hydrolysis, see [44, 45, 47] and paragraph 3.2.1,
which is known to be an amorphous composition of
A120 3, AIO(OH) and AI(OH)3' However, the
oxidation is non-uniform due to the corrosive
sidewalls and the contamination on it.

The wet-etch in a diluted etch-solution changes the
granular structure of the sidewalls into a smooth
surface, but furthermore also removes the
contamination on the sidewalls caused by the
sputtering effect of the dry-etching. After this
cleaning the hydrolyzation continues, but will form a
more uniform oxidation.

Finally, the annealing step leads to a diffusion of As
from the AlAs-layer into the oxide (see paragraph
3.4.4 and [49]). This As reacts with the AIO(OH)
and the AI(OH)3 to a stable form of As20 3 under
removal of H2 or AsH3 ([49]). This reaction
transforms the amorphous oxide into a stable oxide
at the oxide/AlAs-interface. Due to the re
distribution of the As the oxide will expand [51, 70],
which prevents the 'canals' (to be known to take
care of the fast transport of the oxidizing species
during wet selective oxidation) to originate.

In paragraph 3.3.2 it is stated that the oxide during lateral wet selective oxidation transforms
from an amorphous phase into the polycrystalline y-A120 3 phase [73, 66]. The formation of
the solid oxide (probably non-amorphous) at the oxide/AlAs interface after the annealing step
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prevents the fonnation of an amorphous state during wet oxidation, and hence protects the
inner AlAs-layers from further oxidation.

The effect of the diluted wet-etch-dip has been shown to be crucial in the sealing method in
paragraph 4.4 and can be explained as follows. During the dry-etching a sputtering
mechanism is present which contaminates the sidewalls of the mesa (see also paragraph 4.4,
figure 4.9). This corrosive surface of the sidewalls and the contamination on it distorts the
hydrolysis of the AlAs-layer to take place in an unifonn way or will even prevent this
hydrolysis to take place. Therefore, the annealing step will not result in a blocking oxide,
implying the oxidation to proceed during wet selective oxidation.
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Conclusions and Recommendations

5.1 Conclusions

The Vertical Cavity Surface Emitting Laser (VeSEL) is going to be competitive with the
conventional edge-emitting semiconductor laser in the near future, due to its excellent
properties like size, low divergent circular output beam and two-dimensional laser-array
capability. Especially the intra-cavity contacted polarization controlled VeSEL-design is very
promising since the problem of the high electrical series resistance due to the injection of the
current through the DBRs is bypassed, resulting in an ultralow threshold current. This kind of
design will also be very useful for future red light emitting VeSELs which uses oxidized
Distributed Bragg Reflectors (DBRs). These oxidized DBRs remove the possibility of
injecting the current through the DBRs and another injection scheme has to be used.

The direction of polarization for the first fundamental mode without specific measures taken
is arbitrary in veSELs. Higher order modes tend to be polarized orthogonally. The research
activities in the field of fixing the polarization direction can be divided into four groups:

• Modification of the upper reflector stack.
• Modification of the active layer.
• Epitaxial growth on misoriented substrates.
• Others (usage of fractional layer superlattices, double-fusing technique and oxide

confined VeSELs)

All of these schemes rely in some manner on breaking the symmetry in the plane of the
quantum wells. With different degrees of success, these methods promote a single polarization
state for the first order longitudinal mode, but at the expense of increased fabrication
complexity. For the intra-cavity contacted veSEL several mechanisms for fixing the
polarization can be implemented. Options are: growth/fabrication of a grating on top of the
top-DBR, applying anisotropy in the cavity shape, designing asymmetric active regions,
epitaxial growth on misoriented substrates and most importantly the oxide confined VeSELs.

Whereas the polarization is important in the design stage of the VeSEL, the wet selective
oxidation becomes important in the processing stage of the VeSEL. Wet selective oxidation is
becoming a powerful processing technique for many III-V semiconductor devices and a lot of
research is aimed at the incorporating of these oxides in new devices. However, little is known
about the formation and structure of the oxide.

The wet oxidation of AlxGal_xAs is very selective, since the oxidation rates strongly depend
on the AI-content in the AlxGal_xAs-compound The oxides are mechanically as well as
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thermally very stable and are determined to be a cubic structure of y-A120 3 in a polycrystalline
phase. The oxides are characterized by a complete depletion of As, resulting in a contraction
of the oxide. The formation of the oxides are supposed to transform from an initially
amorphous phase containing AIO(OH) and AI(OH)3 compounds to the polycrystalline y
Al20 3phase under removal of volatile H2 or AsH3.

A striking distinction has to be made between the oxides formed by vertical or lateral
oxidation, whose oxidation rates differ by a factor of two in the advantage of the lateral
oxidation. Where the vertical oxidation tends to show a diffusive character and even
saturation for longer oxidation times, the lateral oxidation stays reaction-limited. This is
explained by the originating of 'canals' along the oxide/semiconductor interface due to the
contraction of the oxide. These 'canals' take care of the fast transport of the oxidizing species
to and from the oxidation front.

The wet selective oxidation is used for realizing the current confinement, which is inherently
necessary in the intra-cavity contacted VeSELs. AlAs-layers adjacent to the active region are
laterally oxidized forcing the current to funnel into the center of the active region. When
alternately AIAs/GaAs layers are used for the upper reflector stack, these AlAs layers have to
be protected against the oxidation. The former method of depositing thick silicon nitride does
not yield good results for smaller devices. A sealing method has been proposed by Huffaker et
al. and involves a rapid thermal annealing step of the uncovered mesa in forming gas to a
temperature of circa 550 °e. This method works for wet-etched mirrors, but fails for dry
etched mirrors.

A new sealing method has been developed and is based on the 'Huffaker-method'.
Experiments show that the failure of the sealing method for the dry-etched mirrors has to be
found in the etching method itself. Where smooth interfaces are obtained after wet-etching, it
is known that dry-etching is more aggressive revealing corrosive and contaminated side walls
due to a sputter-effect. In the new sealing method the corrosive and contaminated side walls
are 'cleaned' by a dip in a diluted wet-etch solution. It is proved that the same annealing step
for the wet-etched mirrors yields a protective shield, which prevents the AlAs-layer from
further oxidation.

It is tried to find a theory which explains the formation of the seal and why it is protective. It
is thought that after etching of the top-DBR the uncovered AlAs layers transform to a
combination of A120 3, AIO(OH) and AI(OH)3 due to hydrolysis for a specific depth. The
anneal step causes a redistribution of the As at the AlAs/oxide interface forming a stable
combination of Al20 3 and AS20 3 under removal of H2. As stated, the oxide formed by wet
selective oxidation transforms from an initial amorphous phase containing the AIO(OH) and
AI(OH)3 compounds to the final stable y-AI20 3-phase. Since, after the annealing step, a stable
phase of oxide is already present, the wet selective oxidation has not the possibility of creating
the AIO(OH) and AI(OH)3 compounds. Further, it is known that oxides formed by other
means than wet selective oxidation can expand, which would prevent the 'canals' to originate.
These aspects would prevent the uncovered AlAs-layer to be oxidized by further oxidation.

For dry-etched top-DBRs a dip in a diluted wet-etch solution is necessary, because the
contamination on the side hinders an uniform formation of oxide by hydrolysis. As a result the
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annealing will not form a sealing block, implying the oxidation to proceed by the wet
selective oxidation afterwards.

The new sealing process can become a very useful technique for MBE-grown VeSEL
structures. In literature, the problem of oxidation of the top-DBR is often prevented by using
the Alo.sGao.2As/GaAs material system for the top-mirror, from which the Alo.sGao.2As-layers
have a much lower oxidation rate than the AlAs-layers use~ for current confmement. Besides
the consequence of growing more layers in the top-DBR to obtain high enough reflectivity
(the refractive index difference of Alo.sGao.2As/GaAs is smaller than AIAs/GaAs), the
incorporating of this material system implies changing of the crucible temperatures during
MBE-growth, which can be harmful to the quality of the layers. Due to the new sealing
method it will remain possible to use AlAs-layers both in the top-DBR as for current
confinement.

Unfortunately, due to lack of VeSEL-wafers, it has not been possible to process new VeSELs
with the incorporation of the new sealing method. Therefore, results on overall-performance
and the polarization characteristics of intra-cavity contacted VeSELs are not available, but are
expected in near future.

5.2 Recommendations

At the Eindhoven University of Technology, the last five years a lot of effort has been put in
closing the gap with other top-institutes in the design and fabrication ofVeSELs. As depicted
in paragraph 5.1 the intra-cavity design may play an important role in the development of
future red-light VeSELs. To be on track with the development of these promising lasers a lot
of research and work is still to be done.

To evaluate the polarization characteristics of the VeSELs fabricated at the Eindhoven
University of Technology a good optical measurement set-up has to be built. With this set-up
it will then be possible to evaluate wether the rectangular mesa-shapes and the influence of the
native oxide (current confinement) are a good polarization selection mechanism or not. If this
is not the case, a new polarization scheme has to be developed.

The wet selective oxidation is an important technique in processing VeSELs. At the moment
this technique is used for creating current confinement. In the future, this technique may be
used to produce GaAs/AIOx top-DBRs for red-light VeSELs. To produce high quality oxides
with high uniformity and reproducibility a lot of parameters involved in the wet selective
oxidation have to be investigated and calibrated:

• Influence of water vapor temperature on the oxidation rate and quality.
• Influence of the N2-bubbling rate on the oxidation rate and quality.
• Stability of the temperature inside the furnace.
• Turn-on time of the oxidation.
• Influence of dip in diluted wet-etch solution without annealing on oxidation rate for

dry etched mesas.
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These experiments can be complemented with experiments already discussed in chapter 3:
• Influence ofAI-content in AlxGal_xAs compounds on oxidation rate.
• vertical versus lateral oxidation.
• Influence ofAlxGal_xAs-layer thickness during lateral oxidation.
• Influence of doping on oxidation rate.
• Influence of heterointerface structures on lateral oxidation rate.

For the sealing itself a lot of questions have come up:
• How protective is the sealing? Until now the sealing has been tested in a 7 minute

wet oxidation and turns out to be effective in VCSEL-processing.
• Is the sealing protective against other influences, like degradation due to hydrolysis,

for example?
• What is the influence of the gas ambient during the anneal step?
• What is the optimal diluted wet-etch solution and how long should be etched?
• Is it also possible to seal AlxGal_xAs-layers? Until now the sealing only has been

performed on AlAs-layers.
• Can AlxGal_xAs-layers also be protected against vertical oxidation?
• What is the best temperature in the RTA during the anneal and how long should the

annealing last?
• Is the speculation on the formation of the seal and why it is protective correct?

Since the sealing was one of the last problems to be solved in the complete processing recipe,
it may be expected that well operating VCSELs can be processed in the next future, when new
VCSEL-material is available.
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Samples used in literature for oxidation

Reference Structure Thickness (nm) Oxidation N2-rate (11min) H20 temp. eC) furnace temp. eC) Time (min.)

[44] AlAs 30 - 300 vertical 1 100 270-400 15-70

[46] AlxGal_xAs, x ;::: 0.9 300 vertical n.w.o n.w.o. n.w.o. years
[46] AlAs 500 vertical n.w.o. n.w.o. n.w.o. years
[47] AlAs-GaAs SL's 1000 vertical n.a. 95 400 180

[48] AlAs-GaAs SL's 1050 vertical 1.5 scth 95 400 180

[48] Alo.sGao.2As 900 vertical 1.5 scth 95 400 180

[49] AlAs 100 vertical 1.5 scth 95 400 180

[52] n-Alo.6Gao.4As 2000 vertical n.a. n.a. 425-525 30-75

[52] p-Alo.6Gao.4As 2000 vertical n.a. n.a. 425-525 30-75

[53] AlxGal_xAs, x ;::: 0.5 bulk vertical 1.4 scth 95 400-650 12-240

[53] Ino.s(AlxGal_x)P, bulk vertical 1.4 scth 95 400-650 12-240

x ;:::0.9
[54] n/p-Alo.sGao.2As 1000/500 lateral n.a n.a 425 70

[55] Alo.sGao.2As 1000 vertical 1.5 80 425 40

[57] AlAs 250 lateral n.a. 95 475 3

[58] AlAs 120 lateral n.a. 80 425 15-45

[59] p-Alo.6Gao.4As n.a. vertical 0.5-0.7 95 490 0-100

[59] Alo.7sGao.22As n.a. vertical n.a. n.a. 500-590 n.a
[59] Alo.6Gao.4As n.a. lateral 0.5-0.7 95 490 20

Alo.sGao.2As
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Reference Structure Thickness (nm) Oxidation N2-rate (I/min) H20 temp. eC) furnace temp. eC) Time (min.)

[60] AlAs 100 vertical n.a 95 370-430 180

[61] AlxGal_xAs, x ~ 0.84 50 lateral n.a. 85 425 n.a.
[62] AlAs 100 lateral 3 75 410 60

[62] AlAs 100 lateral 3 75 410 60

Alo.3Gao.7As 30
[63] AlxGal_xAs, x = 0.48, 2000 vertical 1.33 90 400-800 30-90

0.65,0.70,0.78
[64] Alo.9sGao.o2As 84 lateral n.a. 85 400-450 0-300

[65] Alo.3Gao.7As 30 lateral 3 75 410 n.a.
AlAs 100

Alo.3Gao.7As 300
[65] AlAs 1000 lateral 3 75 410 n.a.

Alo.3Gao.7As 2720
AlAs 440

[66] AlAs 45,71 lateral 0.8 80 280-800 0-18

[68] Alo.9sGao.o2As 84 lateral n.a. 85 450 40

Alo.92Gao.osAs 250
[69] AlAs 67 lateral 90 450 60
[70] Alo.90Gao.lOAs 100 vertical 0.1-1.0 n.a. 500-550 n.a.
[70] Illo.4sAlo.s2P 100 vertical 0.1-1.0 n.a. 500-550 n.a.
[71] AlAs n.a. lateral n.a. 85 450 5

[72] AlxGal_xAs, x ~ 0.92 60 lateral 3 85 440 n.a.
[73] GaAs n.a. vertical n.a. 96 480-540 30-240

[74] AlAs 15,25,40,80,160 lateral 0.8 90 400 n.a.
[74] n-AlxGal_xAs, x = 1.0, 1000 lateral 0.8 90 400 40-170

0.937,0.92,0.86
[74] AlAs-GaAs 60 lateral 0.8 90 400 30-120
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Reference Structure Thickness (nm) Oxidation N2-rate (llmin) H20 temp. eC) furnace temp. (OC) Time (min.)
[74] AIAs- Alo.72Gao.28As 60,10 lateral 0.8 90 400 30-120
[75] p-AIAs 1000 vertical n.a 85 400 15
[76] p- Alo.8oGao.2oAs 1000 vertical n.a n.a 450 15-60
[76] Alo.2oGao.8oAs 400 lateral n.a. n.a. 450-500 40-120

AIO.4oGao.6oAs 400

Alo.6oGao.4oAs 405

Alo.8oGao.2oAs 410
AlAs 710

In this table, the following abbreviations occur:
SL's: Superlattices
n.w.o: no wet oxidation
n.a. not available
n-: n-doped
p-: p-doped
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Recipes

B.I Process recipe for the TUE-VCSELs inclusive of new
sealing method

1. Etch small mesa

1.1 Cleaving
• cleave sample + Nrblow (removal ofparticles)

• Remarks:
- Sample size: typically 1.6 x 1 cm2

- Sample check (oval defects ?)

1.2 Cleaning

1.2.A
• 1 min NH40H: D.1. H20 (1:10)

water rinse (5 MQ)
Nrblowdry

1.2.B
• Acetone 2 min, wet transfer,

Isopropanol 2 min.
Nrblowdry

1.3 SiNx deposition
• Oxford Plasma Technology, chamber 3
• Batch AK-SiNx-dep:

NH3= 30 sccm mixed with N2= 100 sccm
SiH4= 4 sccm mixed with N2= 50 sccm
T=300 °e, P=250 W, p=200 mTorr
deposition time: 5 min.

• Remarks:
- deposition rate: 60 nm/min
- layer thickness: 300 nm
- Reflected power should be less than 10 W.
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1.4 Lithography

• No Rapid Thermal Annealing
• No extra cleaning steps after deposition!

AZ1505 30 sec 3000 RPM

Softbake 95°e 5 min

Mask exposure (mesa 1) 8 sec UV400

Intermediate bake !! 105°e 5 min

Development (40:40 ml) 40 sec

• water rinse (5 MQ) and Nrblow dry

1.5 Visual check

• Remarks:
- 2J.lm mesas OK ?

1.6 Dry etch SiNx

• Oxford Plasma Technology, chamber 1
• Batch AK-SiNx-etch:

SF6= 10 sccm mixed with Ar= 2 sccm
T=20 °e, MWpower=400 W, RFpower=20 W
etch time: 5 min.

• Remarks:
- etch rate: 70 nm/min

1.7 Resist stripping

1.7.A
• with spray-bottle Acetone above waste container
• wet transfer to petri dishes:
• 1/2 min. Acetone
• 1/2 min. Isopropanol
• + N2-blow dry

1.7.B
• Oxford Plasma Technology, chamber 1
• Batch 02-etch

O2= 30 sccm
T= 20 °e, MWpower= 400 W, RFpower= 50 W
etch time: 5 min.

• Remarks:
- Visual check!
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1.8 Dry etch small mesa
• Oxford Plasma Technology Plasmalab 100
• Dummy run before real etch (same conditions)
• Process conditions vesel ns.ree:

SiCI4= 10 sccm mixed with Ar= 10 sccm
T=20 °C, P= 50 W
p= 12 mTorr
etch time: 15 min, etch depth: -3.0 11m

• Remarks:
- Etch rates seem to depend on chamber-condition (influenced by oxygen plasma)
- Etch rates depend on mask material and thickness
- Etch rates depend on sample size
- Argon is necessary for easier ignition and a more stable plasma.
- Plasma damage up to 200 A (Marijke Chang -> wet etch dip)
- More anisotropic etch with lower pressure? (10-15 mTorr)
- SiCl4 mixed with H20 gives Si02dust and poisonous HCI gas

1.9 Sealing top-DBR

1.9.A
• Room ambient hydrolysis

Mesa height measurements by Tencor a-stepper
Probably cleavage of samples
In total about 10 minutes

1.9.B
• Dip in diluted wet-etch solution

Etch solution: 1:2:50 = NH40H:H20 2:H20
Etch temperature: room temperature
Etch time: 10-12 seconds

• Nrblow dry

1.9.C

• Rapid Thermal Anneal
30 seconds at 550°C in 10% 02/H2 and 90% N2
RTA-recipes: 550f030s.1 or 550n030s.1
by Deng and Deppe (Austin)
[EL 32, 900]/[APL 68, 1948]

1.10 SiNx deposition
• Oxford Plasma Technology, chamber 3
• Batch AK-SiNx-dep:

NH)= 30 sccm mixed with N2= 100 sccm
SiH4= 4 sccm mixed with N2= 50 sccm
T=300 °C, P=250 W, p=200 mTorr

67
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deposition time: 5 min.

• Remarks:
- deposition rate: 60 nm/min
-layer thickness: 300 nm

2. Etch large mesa

Ammonia attacks AIAs/AIOx !!

2.1 Lithography

AZ4330 30 sec 5000 RPM

Softbake 95°C 15 min

Mask exposure (mesa 2) 25 sec UV400

Development 170 sec

• water rinse and Nrblow dry
• Visual check!

I_H_ar_d_b_ak_e ---L.1_1O_5_0_C I_I_0_m_i_n_-------

2.2 Dry Etch SiNx

• Oxford Plasma Technology, chamber 1
• BatchName AK-sin-etch:

SF6= 10 sccm mixed with Ar= 2 sccm
T=20 DC, MWpower=400 W, RFpower=20 W
etch time: 5 min.
etch rate: 70 nm/min

2.3 Resist stripping

2.3.A
• with spray-bottle acetone above waste container

wet transfer to petri dishes:
Acetone
Isopropanol
N2-blow dry

• Remarks:
- Visual check!

2.3.B
• Oxford Plasma Technology, chamber 1
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• Batch 02-eteh:
O2=30 sccm

T= 20°C, MWpower= 400 W, RFpower= 50 W
DC-bias: -110
etch time: 5 min.

• Remarks:
- Visual check!

2.4 Dry etch large mesa
• Oxford Plasma Technology Plasmalab 100
• Dummy run before real etch (same conditions)
• Process conditions vesel nS.ree:

SiCI4= 10 sccm mixed with Ar= 10 sccm
T=20 °C, P= 50 W
p= 12 mTorr
etch time: 6 min, etch depth: -1.0 /lm

3. Selective Oxidation AlAs

69

3.1 AlAs constriction layer oxidation:
• Furnace temperature: 400°C
• Water temperature: 92-95°C

• Nrflow: 500 mllmin
• Oxidation time: 7 min
• Oxidation depth: -15 /lm/side

• Remarks:
- Oxidation rate of the p-type AlAs confinement layer is higher than the n-type AlAs

confinement layer [Logboek Martin: p.130-p.132].

4. Opening metallization

4.1 Dry Etch SiNx

• Oxford Plasma Technology, chamber 1
• Batch AK-SiNx-eteh:

SF6= 10 sccm mixed with Ar= 2 sccm
T=20 °C, MWpower=400 W, RFpower=20 W
etch time: 10 min.

4.2 SiNx deposition
• Oxford Plasma Technology, chamber 3
• Batch AK-SiNx-dep:

NH3= 30 sccm mixed with N2= 100 sccm
Si~= 4 sccm mixed with N2= 50 sccm
T=300 °C, P=250 W, p=200 mTorr, deposition time: 5 min.
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• Remarks:
- deposition rate:
- layer thickness:
- Hivac time delay:

60 nm/min
300nm
2 min

ApPENDIX B: Recipes

4.3 Annealing SiNx-layer

• RTA
• Recipe 450a_mlO.1

4.4 Lithography

AZ4330 30 sec 5000 RPM

Softbake 95°C 15 min

Mask exposure (PN) 25 sec UV400

Development 170 sec

• water rinse and Nrblow dry

• Visual check !

I_H_a_r_d_b_ak_e 1L...1_0_5_0_C 1_1_0_m_i_n _

4.5 Dry Etch SiNx
• Oxford Plasma Technology, chamber 1
• BatchName AK-SiNx-etch:

SF6= 10 sccm mixed with Ar= 2 sccm

T=20 °C, MWpower=400 W, RFpower=20 W
etch time: 2 min.

4.6 Resist stripping

4.6.A

• with spray-bottle Acetone above waste container
wet transfer to petri dishes:
Acetone
Isopropanol
+ Nrblow dry

• Remarks:
- Visual check!

4.6.B

• Oxford Plasma Technology, chamber 1

• Batch 02-etch:
02= 30 sccm
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T= 20°C, MWpower= 400 W, RFpower= 50 W
DC-bias: -110
etch time: 5 min.

• Remarks:
- Visual check!

5. P-metallization

5.1 Lithography

71

AZ4330 30 sec 5000 RPM

Softbake 95°C 15 min

Mask exposure (P) 25 sec UV400

Development 170 sec

• water rinse and N2-blow dry

• No Hardbake!

5.2 P-metal evaporation

• Ti-Au (500 A+ 2500 A)
• ~20 ° angle evaporation

• Lift-off

6. N-metallization

6.1 Lithography

AZ4330 30 sec 5000 RPM

Softbake 95°C 15 min

Mask exposure (N) 25 sec UV400

Development 170 sec

• water rinse and N2-blow dry

• No Hardbake !

6.2 N-metal evaporation

• Ge-Ni-Au (200 A+ 150 A+ 2000 A)
• Lift-off

• Remarks:
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Ge: doping (diffuses into the semiconductor)
Au: lower serial resistance
Ni: adhesion! smoothens surface

6.3 Annealing contacts

• RTA
• Recipe 400n_mOJ.J

(1 min. In nitrogen ambient at 400°C)

ARRAYS:

• first polish backside
• no lithography

ApPENDIX B: Recipes
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B.2. Process overview for TUE-VCSELs
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Wafer

Mask for 1st mesa

Etch 1st mesa

Sealing top DBR------

Mask 2nd mesa

Etch 2nd mesa

Wet oxidation for
current confinement

Passivation layer

Resist profile for p-metal

p-metal evaporation

Lift-off

Resist profile for n-metal

Lift-off
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B.3

1.1

Recipe for wet-etched mesa's

Cleaning

ApPENDIX B: Recipes

1.1.A

• 1 min NH40H: D.l. H20 (1:10)
water rinse (5 Mn)
Nz-blowdry

1.I.B

• Acetone 2 min, wet transfer,
Isopropanol 2 min.

Nz-blow dry

1.2 Lithography

AZ1505 30 sec 3000 RPM

Softbake 95°C 5 min

Mask exposure (mesa 2) 4 sec UV400

Development (40:40 ml) 20-30 sec

• + water rinse (5 Mn) and Nz-blow dry

• Remarks:
- 21lm mesas OK ?

I_H_ar_d_B_ak_e 1_9_5_0_C I_l_0_m_i_n_.-------

1.3 Wet etch mesa
• Etch solution 1:1:3 = H3P04:H202:CH40H = 20:20:60 ml
• Etch temperature 0 °C
• Etch-time: determined by vision

• Remarks:
- etch rate: 0.28-0.30 Ilm/min.

1.4 Sealing top-DBR

• Rapid Thermal Anneal
30 seconds at 550°C in 10% Oz/H2 and 90% N2
RTA-recipes: 550f030s.1 or 550n030s.1
by Deng and Deppe (Austin)
[EL 32, 900]/[APL 68, 1948]



e.l Wafer W814L56

ApPENDIXC

MBE-growth menus

Layer no. Lz Material Doping type SubT Loops
46 0 As 250
45 704.3 GaAs 730 * 18
44 207.4 AlAs 730 * 18
43 2.8 GaAs 730 * 18
42 207.4 AlAs 730 * 18
41 2.8 GaAs 730 * 18
40 207.4 AlAs 730 * 18
39 2.8 GaAs 730 * 18
38 207.4 AlAs 730 * 18
37 500 GaAs 730
36 4254 GaAs 4*101S

P 500
35 2000 GaAs 2* 1017

P 730
34 300 Alo.2sGao.7sAs 1.5* lOIS P 730
33 150 Alo.sGao.sAs 1*lOIS P 730
32 636.4 Alo.sGao.sAs 1*lOIS P 730
31 500 Alo.sGao.sAs 730
30 100 GaAs 730
29 80 Ino.2Gao.sAs 560
28 80 GaAs 560
27 80 lno.2Gao.sAs 560
26 0 As 560
25 100 GaAs 560
24 500 Alo.2sGao.7sAs 1.5* lOIS n 730
23 590.4 Alo.2sGao.7sAs 1*lOIS n 730
22 150 Alo.sGao.sAs 2*101S n 730
21 207.4 AlAs 2* lOIS n 730
20 2.8 GaAs 2*101S n 730 *3
19 207.4 AlAs 1*lOIS n 730 *3
18 300 Alo.sGao.sAs 2* lOIS n 730
17 6062 GaAs 730
16 207.4 AlAs 730
15 2.8 GaAs 730 *3
14 207.4 AlAs 730 *3
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4
3
2
1

1000
1000
1000
1000

GaAs
GaAs
GaAs
GaAs

ApPENDIX C: MBE-growth Menus

790
775
695
610

C.4 Wafer W759L52

Layer no. Lz Material Doping type SubT Loops
14 200 GaAs 800
13 424 Alo.lsGao.8sAs 800
12 740.6 AlAs 800
11 630.3 Alo.lsGao.8sAs 800 *14
10 740.6 AlAs 800 *14
9 7300 GaAs 800
8 740.6 AlAs 800
7 630.3 Alo.lsGao.8sAs 800 *24
6 740.6 AlAs 800 *24
5 1000 GaAs 800
4 1000 GaAs 790
3 1000 GaAs 775
2 1000 GaAs 695
1 1000 GaAs 610



APPENDIXD

Often used characterisation methods

In developing new devices an engineer is helpless without accurate characterisation methods.
A lot of occuring problems can be solved after the correct determining of thickness, defects,
photoluminescence ofsurface or bulk material, etcetera.

Many diagnostic techniques are referred to by acronyms, the more popular of which are listed
in table D.I.a for surface analysis and D.I.b for bulk analysis:

Table D.I.a: Acronyms ofcommon diagnostic techniques for surface analysis [80]

Acronym
AES

EELS
ISS

HEED
LEED
SAM
SIMS

SXAPS
UPS
XPS

Surface Analysis Technique
Auger Electron Spectroscopy
Electron Energy Loss Spectroscopy
Ion Scattering Spectroscopy
High-Energy Electron Diffraction
Low-Energy Electron Diffraction
Scanning Auger Microprobe
Secondary Ion Mass Spectroscopy
Soft X-ray Appearance Potential Spectroscopy
Ultraviolet Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy

Table D.I.a: Acronyms ofcommon diagnostic techniques for bulk analysis [80]

Acronym
DLTS
EBIC
EMP
FTIR
NAA
PLS
RBS
RS

SEM
TEM
XRF

Bulk Analysis Technique
Deep Level Transient Spectroscopy
Electron Beam Induced Current
Electron Microprobw
Fourier Transform Infrared Spectroscopy
Neutron Activation Analysis
Photoluminescence SPectroscopy
Rutherford Backscattering
Raman Spectroscopy
Scanning Electron Microscopy
Transmission Electron Microscopy
X-ray Fluorescence

A lot of these analyzing techniques are discussed in [80] or a reference on the topic can be
found here.
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In this appendix a short description of the characterization methods which are referred to in
chapter two and three is given, complemented with a description about the Scanning Electron
Microscopy, which is often used in the experiments discussed in chapter four.

D.I Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a basic, vital and widely used method for studying
the layer structure of samples. The obtained magnification is much higher (in the order of
20.000-50.000 times) than for normal optical microscopy. The sample is placed in vacuum
and bombarded with high speed electrons accelerated by an electric field. Most of the
electrons are absorbed by the material, followed by the emission of secondary electrons by the
sample. The non-absorbed electrons are backscattered by the surface. If the represented view
is attributed to the secondary electrons, the working mode of the SEM is called 'Secondary
Electron Imaging'. When the represented signal is attributed to the backscattered electrons the
working mode of the SEM is called 'Backscattered Electron Imaging'.

The SEM used for the experiments in chapter 4 is a 'JEOL Field-Emission Scanning Electron
Microscope JEOL 6400-F'.

D.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) can be used to obtain detailed and direct
information about crystalline imperfections and higher magnifications can be reached than
with SEM. A thin section of the material must be prepared, and electrons are directed through
the sample and detected after transmission. Either a diffraction pattern or an image may be
obtained. Scanning TEM (STEM) uses a highly focused beam (in the order of 2-5 A) and has
the ability to directly detect crystalline imperfections and defects. TEM is a time-consuming
and difficult technique, both in sample preparation and image analysis.

D.3 Electron Diffraction

Electron diffraction may be used to assess crystalline prefection near the surface of materials.
In this way crystalline, polycrystaline and amorph phases of materials can be distinguished. In
the electron diffraction method the backscattering mechanism of an impinging electron beam
at a surface is used. Since the backscattering decreases as the energy of electrons increases,
the energy of the electron beam must be kept low. The originated diffraction patterns arising
from the interaction of particles with crystal lattices are complex.

D.4 Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is of great significance to material analysis. An electron
beam is directed to the surface of a material. The inelastic collision excites an inner shell
electron to a higher energy level. Upon decay, the available energy can be transferred to
another electron in the atom which gains sufficient energy to be ejected from the atom. The
significant characteristic for material analysis is the 'Auger' electrons having a mean path of



ApPENDIX D: Often used Characterization Methods 81

only 10 to 30 A, which makes the Auger analysis sensitive to only the top 30 Aof material
and to the lateral extent of the impinging electron beam.

D.S Secondary Ion Mass Spectroscopy (SIMS)

This very sensitive technique uses an ion beam to sputter material from the surface of a
sample. The resulting 'secondary ions' from the sample are then analyzed using a mass
spectrometer. Two modes of operation are possible. In an imaging mode, the surface of the
material can be displayed on a fluorescent screen giving a chemical map of the sputtered area.
In a profiling mode, the spectrometer is set for the desired atomic mass and monitored as a
function of sputtering time to produce a depth profile for the chosen element. However, depth
resolution and accuracy degrade with depth because of effects such as atomic knock-on and
ion mixing.



APPENDIXE

Quartz-glass furnace

Since the wet selective oxidation turns out to be a very non-uniform oxidation process it is
desired to follow this process visually. Therefore a special quartz-glass furnace is designed
and is being fabricated.

A set-up of the oxidation process is drawn in figure D.l.

During oxidation valve 1 is closed and valve 2 is opened. The N2 bubbles at a flowrate of
circa 0.6 l/min through the deionized water, which is indirectly heated to a temperature of
about 95 °e. The saturated water vapor is directed to the quartz glass furnace via heated
supply lines to prevent condensation. The sample, heated to 400 °e and exposed to this water
vapor is oxidized which can be followed by optical microscopy. The waste matter is
transported to a scrubber, which takes care of possible poisonous gases such as AsH].

HeatlResist wire

Opened
during

oxidation

Closed
during

oxidation

Normal water
Temp.=95°C

Sample

Quartz Glass Furnace

figure D.I: Scheme of visually controlled wet selective oxidation in a quartz-glass furnace
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The loading, heating and unloading of the sample can be done under pure Nrflow, which is
achieved by closing valve 2 and opening valve 1. Therefore, the oxidation can be better
specified. This switching between saturated water vapor and pure Nrflow has not been done
in the experiments involved with the sealing. Even in literature this is seldomly mentioned.

Because of ease of fabrication and reduction of costs, the pure Nrinlet has been left out. The
final design is depicted in figure D.2 and figure D.3:

-- Connection with
scrubber

I Sample Connection with
supplier of ====:

water vapor

Figure 4.11: Side view of final design quartz-glass furnace

Figure 4.12: Top view of final design quartz-glass furnace

The bottom surface of the furnace in the final design is flat, therefore preventing possible
turbulence at the water vapor inlet and simplifying the sample loading and unloading. For the
loading and unloading of the sample a special pair of tweezers and a sample holder is
developed, which are presented in figure DA.a and D.4.b:
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Figure DA.a: Sample Holder
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Figure D.4.b: Pair of Tweezers
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