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Abstract 
 The discovery of III-V oxidation and subsequent 
application of oxide technology to the fabrication of 
semiconductor lasers are reviewed. Work on lateral 
oxidation and the application of laterally oxidized layers 
to form optically and electrically confining apertures is 
discussed, as well as the commercially-significant use of 
lateral oxides in vertical-cavity surface-emitting lasers. 
 
INTRODUCTION 
 
 Since the discovery of III-V Oxidation by Dallesasse and 
Holonyak in 1989, significant progress has been made both 
technically and commercially on the use of oxides in 
compound semiconductor devices. The process-induced 
modification of refractive index and conductivity allows 
control of the two carriers of information in opto-electronic 
systems, the photon and the electron, enabling wide-ranging 
device applications. Of particular note has been the use of 
oxidation for the fabrication of high-speed Vertical-Cavity 
Surface-Emitting Lasers (VCSELs). The discovery of III-V 
Oxidation and key technical milestones in the fabrication of 
photonic and electronic devices that use oxidation are 
reviewed, with an emphasis on VCSEL progress. 
 
THE DISCOVERY OF III-V OXIDATION 
 
 The discovery of III-V Oxidation in 1989 by Dallesasse 
and Holonyak began with the examination of material 
degradation in high-composition AlxGa1-xAs.[1] Samples 
containing AlAs layers buried within a multilayer epitaxial 
structure were observed to erode over time due to exposure 
to room-ambient humidity and temperature. For a specific 
set of samples, this erosion was tracked and documented 
over a multi-year period. 
 In the further study of this degradation process, oxidation 
was discovered. Specifically, an AlAs layer was directly 
exposed to a steam ambient, and a uniform oxide was 
observed across the surface of the wafer.[2] This oxide was 
found to be mechanically stable against abrasion using q-tip 
and rubber eraser tests, well adhered to the wafer surface 
using a “Scotch Tape Test,” and resistant to typical 
chemicals used in compound semiconductor wafer 
processing. In Figure 1, we show a recent (February, 2012) 

photograph that illustrates the uniformity and stability of the 
oxide process (right 50 mm diameter wafer) compared to a 
piece of a wafer grown in 1978 containing high-composition 
AlxGa1-xAs layers that have hydrolyzed (left). 

 
Figure 1. Photograph of three AlxGa1-xAs-GaAs samples showing the 
stability of oxidation (right), instability of high-composition AlxGa1-xAs 
(left), and bare, polished GaAs (lower left). 

The small wafer piece sitting below the degraded sample 
shows the reverse side of the hydrolyzed wafer, a polished 
GaAs surface upon which no material was grown, 
illustrating the stability of the base substrate. An important 
point to note is that the oxidized wafer on the right was 
oxidized in August of 1991, and shows no signs of 
deterioration or change after 21 years. While the significant 
body of data showing the reliability of oxide-confined 
VCSELs can be pointed to when addressing the question of 
the overall robustness of the process,[3] this wafer is a clear 
visual indication of the stability of materials formed through 
III-V Oxidation. 
 In addition to surface oxidation, early oxidation 
experiments also included the exposure of AlAs-GaAs 
superlattice edges to steam environments. Lateral oxidation 
was demonstrated by this work, as well as the fact that the 
rate of lateral oxidation has a dependence on the thickness of 
the layers being oxidized.[2] An optical photomicrograph 
revealing lateral oxidation is shown in Figure 2. Zinc 
diffusion had been performed in the field region forming, 
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through layer intermixing, material of average composition 
~Al0.8Ga0.2As surrounding an intact SL “dot.” In this sample, 
the substrate is removed prior to oxidation and white light 
transmission through the sample is shown in the 
photomicrograph. For the regions where the layers of the SL 
are not exposed at a cleaved edge lateral oxidation is not 
observed – the “dot” remains red (dark grey). In the case 
where the SL layers can be accessed at the edge with a 
cleave passing through the “dot” containing SL layers, as 
highlighted by the downward pointing arrow at the wafer 
edge in the figure, edge oxidation proceeds and the dot 
begins to be converted into an oxide. The transparency of the 
oxide is also evident. A significant difference in the rate of 
lateral oxidation is observed between material having thicker 
AlAs layers versus thinner AlAs layers.  

 
Figure 2. Optical photomicrograph (transmission) showing lateral (edge) 
oxidation in an AlAs-GaAs superlattice sample. Reprinted with permission 
from Appl. Phys. Lett. 57, 2844 (1990). Copyright 1990 American Institute 
of Physics. 

The capability to create both surface and subterranean oxide 
layers creates a vast number of possibilities for use in both 
discrete devices and photonic integration – a fact that was 
immediately recognized.  
 
DEVICE APPLICATIONS 
 
 The first devices fabricated using the oxidation process 
were edge-emitting quantum well heterostructure lasers.[4] 
Results from Illinois on multi-stripe laser arrays rapidly 
followed the work on individual emitters.[5] This work 
highlighted the fact that the oxide can be used to provide 
both current and optical confinement. For multi-stripe laser 
arrays, the coupling between adjacent laser stripes can be 
controlled by changing oxidation depth and as a 
consequence the effective index step between the electrically 
pumped and oxidized regions. A scanning electron 
microscope (SEM) photomicrograph of a multi-stripe laser 
array where surface oxidation is used to define the emitting 
regions across a 200 µm total aperture width is presented in 

Figure 3. This laser, designed for diode-pumped solid-state 
laser applications, operates to optical output powers in 
excess of 4 W before experiencing roll-over.[6]  

 
Figure 3. SEM photomicrograph of a multi-stripe edge-emitting laser array 
for diode-pumped solid-state laser applications. Reprinted with permission 
from J. Appl. Phys. 113, 051101 (2013). Copyright 2013 American Institute 
of Physics. 

A significant body of work has followed these initial 
demonstrations. Among the more significant contributions 
has been the use of oxidation to form lateral oxide apertures 
in edge-emitting lasers,[7] the application of oxidation to 
aluminum-bearing material systems other than AlxGa1-xAs, 
[8,9] the use of oxidation to improve the reliability of high-
brightness LEDs,[10] work on III-V Oxide FETs,[11,12] and 
the use of oxide apertures in the Holonyak-Feng transistor 
laser.[13] The most significant commercial success has been 
in the area of VCSELs, where the ability to provide both 
optical and current confinement significantly enhances laser 
performance.[14]  
 
SYSTEMS FOR III-V OXIDATION 
 
 The design of furnaces for wet oxidation has evolved as 
the understanding of the process has grown. Early work was 
conducted in very simple open-tube systems using quartz 
tubes with ground-glass end cap seals. For loading, samples 
were placed on flat quartz boats and loaded into open 
furnaces with push rods. No care was taken to control 
residual oxygen. Water vapor was provided by bubbling 
nitrogen through water-filled gas wash bottles wrapped with 
heat tape to maintain a water temperature of ~95°C. These 
were connected to the furnace with Teflon tubing.  
 The best system designs today are designed to provide 
more optimal conditions for sample loading, better control of 
residual oxygen levels, and improved gas handling for water 
vapor, push gas (nitrogen), and other gasses such as oxygen 
which may be desired in controlled amounts for specific 
materials. In some cases, baffles are used to improve gas 
flow uniformity and uniformity of oxidation rates across the 
sample. The furnace exhaust is typically passed over a 
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condenser to trap oxidation byproducts (arsenic oxides), and 
passes through a bubbler to minimize uncontrolled residual 
oxygen levels by preventing backstreaming from the exhaust 
into the system under low flow conditions. These 
improvements in furnace design have led to improved 
process consistency and better surface morphology. The 
chemical characteristics of the oxidized layer may also be 
affected by factors related to furnace design such as residual 
oxygen, even in small amounts. The process is more 
complex than silicon oxidation, as one would expect due to 
the number of species involved in the reaction (Al, Ga, As, 
etc.). There are inconsistencies in the literature examining 
III-V oxidation rates and mechanisms, likely a consequence 
of differences in furnace design and residual oxygen levels. 
 
VCSEL PROGRESS 
 
 It has long been known that the magnitude of the gain in 
a direct-gap semiconductor allows the possibility of both 
small-volume in-plane (edge-emitting) and perpendicular-to-
plane (surface-emitting) lasers. Early demonstrations of 
perpendicular-to-plane laser operation were made in e-beam 
[15] and optically pumped micro-volume lasers.[16] 
Current-injected devices were also demonstrated in 
InSb.[17] The first device to resemble a modern VCSEL 
appears in a Scifres, et al. patent filed in 1975.[18] This 
device uses a vertical structure consisting of alternating 
AlxGa1-xAs-GaAs layers to form a Bragg reflector, but 
contemplates a p-n junction geometry perpendicular to the 
Bragg planes with each GaAs mirror element providing gain. 
Experimental work on p-n junction surface-emitting lasers 
with a vertical cavity but metal mirrors was initiated by Iga 
[19] and moved forward by other groups. An important 
advance in VCSEL technology, made in 1994 at The 
University of Texas at Austin by the Deppe group,[12] is the 
application of lateral oxidation to form apertures for optical 
and carrier confinement. Deppe, who had been studying air 
voids to control VCSEL optical modes, realized that 
oxidized material would be an ideal alternative with better 
reproducibility. Since the distance of lateral oxidation can be 
controlled through time and temperature, oxidation provides 
a scalable, manufacturable method for forming small-
diameter lasers from larger diameter mesas. Work on oxide-
aperture VCSEL in the ~850nm wavelength range has been 
advanced by a number of groups, eventually leading to 
commercial devices. Progress has also been made on oxide-
confined VCSELs operating in the metro and telecom 
wavelength ranges of 1310 and 1550 nm, but commercial 
success here has been more limited. A cross-sectional 
diagram of a typical VCSEL structure is shown in Figure 4. 
Several features typical for commercial devices are shown in 
this figure, though not all of these may be present in any 
given device. The unifying element is the oxide aperture. 
Small-diameter apertures are important electrically for the 
realization of high-speed device operation, enabling 
applications such as 10 Gigabit Ethernet and high-speed 

links in the data center. Optically, applications such as 
computer mice (position sensors) and high-end printing 
require the control of the characteristics of the spatial modes 
of the device made possible using the large index change 
effected by oxidation. 

 
Figure 4. Diagram showing the typical cross section of an oxide-confined 
VCSEL. 

Work on oxide-confined VCSELs continues to advance as 
the need for higher speed data links for data center 
applications becomes more pressing. A representative eye 
diagram for a high-speed VCSEL produced by Sumitomo 
Electric Device Innovations USA is presented in Figure 5. 
This device is being operated at a data rate of 25 Gbps and a 
temperature of 85°C.  

 
Figure 5. Optical eye diagram (85°C) for a Sumitomo Electric Device 
Innovations (SEDU) VCSEL being operated at 25 Gbps using a PRBS31 bit 
sequence. The time scale is 7 picoseconds per major division. 

The PRBS31 signal is delivered through a RF probe, with 
DC bias provided through a bias tee. No pre-emphasis is 
added to the signal. The eye diagrams are of good quality, 
clearly showing promise for the inevitable migration of link 
speeds for short-haul applications from 10 Gbps to 25 Gbps 
per channel. Other groups working on microcavity devices 
have continued to push toward smaller aperture size to 
further improve the maximum 3 dB bandwidth.  For 
example,  Tan, et al.[20] have shown microcavity VCSELs 
with a 3 µm oxide aperture having a 3 dB bandwidth of 
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greater than 19 GHz. Work continues to further improve 
device speed and reliability. 

CONCLUSIONS 
 Oxidation of Al-bearing III-V compound semiconductor 
materials has proven to be an important technology for the 
fabrication of optoelectronic devices, and with further work 
may be useful for electronic devices as well. The process-
induced change in material properties allows for optical 
mode control, control of current injection, and control of 
channel conductivity in field-effect devices. The commercial 
success of the oxide-confined VCSEL has established that 
oxide-based devices are both reliable and manufacturable, 
making oxidation an important processing technique for 
compound semiconductor devices.  
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ACRONYMS 

VCSEL: Vertical-Cavity Surface-Emitting Laser  
SL: Superlattice 
SEM: Scanning Electron Microscope 
LED: Light Emitting Diode 
FET: Field Effect Transistor 
Gbps: Gigabits per second 
PRBS: Pseudo Random Binary Sequence 
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