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The light beam induced current~LBIC! technique was used to characterize the interface formed by
the wet oxidation of AlAs and AlxGa12xAs ~x50.98 and 0.95!. LBIC scans were used to calculate
the diffusion lengths of minority carriers both in the bulk and near these interfaces; and the
corresponding interface recombination velocities were estimated. The interface recombination
velocity at the oxide/semiconductor interface is 3.133105 cm/s for AlAs, and 1.903104 cm/s for
Al0.98Ga0.02As. It is found that the addition of gallium in the AlAs can significantly improve this
property. © 1997 American Institute of Physics.@S0003-6951~97!02452-2#
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The thermal oxidation of high Al content AlGaAs laye
in water vapor at elevated temperatures forms a stable o
suitable for use in optoelectronic and electronic devices.1 An
advantage of this wet-oxidation process is that the AlGa
layer may be selectively oxidized, especially compared
GaAs, making it possible to ‘‘bury’’ the oxidized layers u
ing lateral diffusion in multilayer structures. This process h
been effectively used in vertical-cavity surface-emitting
sers~VCSEL! using lattice-matched AlGaAs and GaAs la
ers, for enhanced electrical and optical confinement.2,3 In ad-
dition, this oxide has been used in various other electro
devices including, as a gate-insulator in AlGaAs–GaAs fi
effect transistors~FETs!4 and as a buffer insulator in th
current GaAs on insulator~GOI! technology.5

The electrical properties of these devices are affected
generation and recombination at the oxide/semiconducto
terface. In VCSELs, it is imperative to understand how c
rier injection into the active region is altered by recombin
tion centers at the oxide aperture. Much study has been d
on the structural and mechanical stability of devices utiliz
this oxide;6 and it has been determined that VCSELs w
current apertures formed by the partial lateral oxidation
AlGaAs are far more robust and reliable than those by AlA
The electronic and structural properties of the selectiv
oxidized AlAs/GaAs interface have also been examined
detail using time-resolved photoluminescence measurem
on multilayer structures and transmission electron micr
copy ~TEM! diffraction pattern micrographs.7 To date, no
direct comparison of the oxidized AlAs/GaAs an
Al xGa12xAs/GaAs~for x,1! interface recombination prop
erties has been made. We are presenting a quantitative
proach to this study by measuring the lifetime of minor
carriers in the vicinity of the oxide/semiconductor interfa
and by estimating the surface recombination velocities n
the GaAs/AlxGa12xAs interface forx51, 0.98, and 0.96,
using the light beam induced current~LBIC! technique.8–13

LBIC is an established method for characterizi
minority-carrier diffusion lengths and recombination velo
ties both in the bulk, at discontinuities such as those enco
tered in grain boundaries, at regrown interfaces,14,15 and

a!Electronic mail: pkb@eecs.umich.edu
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heterointerfaces.8 In the technique, scanning the vicinity of
reverse-biasedp-n junction or Schottky junction with a lase
beam spot and relating the photocurrent response to the
tance between the excitation point and the junction will yie
the minority carrier diffusion lengths both in the bulk and
the interface.

To perform this study, we have grown three layer stru
tures as shown in Figs. 1~a!–1~c! by molecular beam epitaxy
~MBE!. Structure A consists of a 1mm n-GaAs (5
31016 cm23) layer, followed by a 500 Å AlAs and a 1mm
n-GaAs, grown onn1 GaAs substrate. Structures B and
consist of 1mm n-GaAs, followed by a 500 Å AlxGa12xAs
(x50.98 and 0.95! and a 2mm n-GaAs layer. Note that the
thickness of the oxide is kept low in order to avoid delam
nation of the diodes during lapping and polishing. The gro
layers were mesa etched prior to the partial lateral oxida
of the AlGaAs layer. The samples were then placed in
furnace tube at 450 °C. Water vapor was supplied to the t
by flowing nitrogen at 75 sccm through water heated
90 °C. The lateral oxidation depths were determined by sc
ning electron microscope~SEM! images. The kinetics of the
thermal oxidation of AlGaAs have been studied a

FIG. 1. Schematic cross sections of the grown structures~a! structure A,~b!
structure B, and~c! structure C.
3865)/3865/3/$10.00 © 1997 American Institute of Physics
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published.16,17 Gold Schottky barriers were fabricated and
row of Schottky diodes were angle lapped for the expe
ment.

To perform the measurement, light from a helium–ne
laser (l56328 Å) is chopped and focused by a 503 micro-
scope objective to a spot, approximately 5mm in diameter,
onto the surface of the diode. The beam spot is appr
mately of the same magnitude as the diffusion length
pected inn-GaAs and a factor of 10 dimensional advanta
is obtained by using a beveled device structure. Theref
for a bevel angle of 5°, as in these cases, the thickness~ver-
tical! of the layer changes only one-tenth of the distan
~horizontal! through which the scanning spot moves. T
diodes were reverse biased and mounted on a three-axis
cromanipulator. The photocurrent response generated
amplified using a lock-in amplifier. Current readings we
taken at intervals of 1mm along the beveled surface. Th
device geometry is illustrated in Fig. 2.

For an estimation of the recombination velocity near
semiconductor/oxide interface, the models of Watan
et al.11 and Huet al.12 were used. The total number of exce
holes¹p in a semiconductor is given by, assuming a stea
state point excitation

¹p5GtF12
S

11S
expS 2

j

Lb
D G , ~1!

whereG is the excitation,j is the excitation depth, andt is
the bulk lifetime. S is the reduced surface recombinatio
velocity given by

S5
st

Lb
, ~2!

wheres is the surface recombination velocity andLb is the
diffusion length of the excess holes in the bulk. It is appar
that most of the excess carriers are within the distanceLb

from the excitation point and thus, for excitation depths
the order ofLb , one can assume that the change in the nu
ber of excess carriers generated is due only to surface rec
bination on the surface.Geff incorporates this additional re
combination rate introduced by recombination at the surf
and is as follows:

Geff5GF12
S

11S
expS 2

j

Lb
D G . ~3!

The change inGeff with respect to excitation depth~for shal-
low excitation! is given by

]

]j
Geff5

G

Lb

S

11S
expS 2

j

Lb
D . ~4!

Therefore, for surface excitation, it can be shown that

FIG. 2. Schematic showing device geometry.
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s

D
, ~5!

whereD is the diffusion coefficient of the excess holes. T
excess carriers excited by the light beam diffuse to
Schottky junction where the electron and holes are separ
and a current is generated. The light beam induced curreI ,
a function of bothj andzj , is proportional to the excitation
strength and decays exponentially with distance from
junction

I ~j,zj !}GF12
S

11S
expS 2j

Lb
D GexpS 2

zj

Lb
D , ~6!

where zj is defined as the perpendicular distance from
junction. Note that the current change can therefore also
taken as

FIG. 3. Typical LBIC scans for~a! structure A,~b! structure B, and~c!
structure C. The vertical dashed lines mark the region near the interfac
Gebretsadik et al.
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The exact current equation for the geometry of the device
Fig. 2, although complex, has been solved and shown
satisfy Eq.~7!. It is clear from the above equations that
two-dimensional profile of the surface recombination velo
ity can be obtained by differentiating the current with resp
to excitation depth and solving for Eq.~7!.

Typical LBIC scans are shown in Figs. 3~a!–3~c!. Laser
scans for diodes with the oxidized and unoxidized layers
plotted on the same graph for comparison. Additional sc
were performed on samples that underwent rapid ther
annealing~RTA! at 750 °C for 8 s. To avoid errors, the di
fusion length in the bulk is calculated at least a diffusi
length away from the Schottky junction8 in structures B and
C where that requirement is satisfied. It is in agreement w
previously measured values for the material. A reasona
value for the diffusion coefficient was taken as 5 cm2/s. The
diffusion lengths near the oxide-semiconductor interface
calculated for the regions marked with the vertical dash
lines in Figs. 3~a!–3~b!. They are calculated and tabulated
Table I along with the corresponding recombination velo
ties. Although there is a large interface state density at th
interfaces, the reduction in diffusion lengths of the minor
carriers due to oxidation is significantly larger for the case
oxidized AlAs. The interface recombination velocity wa
found to be 1.383105 cm/s in that MBE-grown structure
and was more than doubled after oxidation. On the ot
hand, the interface recombination velocities for structure
and C were found to be one order of magnitude lower a
changed less after oxidation.

These results do not come as a surprise. The impro
ment in structural properties and minority carrier lifetim
near the interface, with the addition of a small amount of
to the AlAs, have been observed before.6 The lateral oxida-
tion process itself proceeds more isotropically with the pr
ence of a small amount of gallium. It is believed that so
porosity and As precipitates develop at the GaAs/AlxOy in-
terface. In addition, stresses resulting from volume shrink
during oxidation also appear to contribute to the formation
defects close to the interface.18 At this point we can only

TABLE I. Calculated minority carrier diffusion lengths and interface r
combination velocities.

Structure
Lbulk

~mm!
L int

~mm!
s

~cm/s!

Before
oxidation

After
oxidation

Before
oxidation

After
oxidation

A ••• 0.36 0.16 1.386105 3.136105

B 3.2 2.28 1.49 1.326104 1.906104

••• 2.24 ~RTA!
C 4.2 3.8 2.63~RTA! 2.196104 3.366104
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speculate that the interface trap density, possibly resul
from the porosity and/or the strain fields, is reduced with
addition of gallium, resulting in a smaller interface recomb
nation velocity.

In conclusion, the diffusion lengths of minority carrie
and recombination velocities for the oxide/semiconductor
terface were obtained using a relatively simple technique
is found that the addition of gallium can substantially im
prove the recombination characteristics of the interface. T
data correlate with previously presented work on the int
face properties of the wet-oxidized AlAs.19 In addition to
their structural and mechanical stability, multilayer structu
with laterally oxidized Al-rich AlxGa12xAs exhibit improved
recombination characteristics. This result is especially
portant when studying small aperture selectively oxidiz
VCSELS where leakage currents due to nonradiative rec
bination in and around the active region can be a limiti
factor in device performance.
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