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High-spatial-resolution quantum-well intermixing process in GaInAs Õ
GaInAsP laser structure using pulsed-photoabsorption-induced disordering
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Raman spectroscopy was used to study the spatial resolution of pulsed-photoabsorption-induced
quantum-well intermixing in a GaInAs/GaInAsP laser structure. A differential band gap shift of up
to 60 meV has been obtained from a sample masked with SixNy/Au and exposed to the laser
irradiation. Intermixing was detected in the irradiated regions through the shift of GaAs-like modes
to lower frequencies. In addition, the intermixing induced GaInP longitudinal optical modes in the
irradiated regions, which is evidence of the intermixing between the upper GaInAs cap and the
GaInAsP layer. The spatial resolution of this process, which was obtained from micro-Raman
spectra when scanned across the interface of the intermixing mask, was found to be better than 2.5
mm. © 2000 American Institute of Physics.@S0021-8979~00!04106-2#
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I. INTRODUCTION

Quantum-well intermixing~QWI!1 is a promising tech-
nique for postgrowth band gap modification of quantu
wells ~QWs! for the fabrication of photonic integrated ci
cuits. QWI techniques in III–V QW structures suc
as impurity-free-vacancy disordering,2 impurity-induced
disordering,3 implantation-defect-induced intermixing,4 and
laser-induced disordering~LID !5 have been reported. Amon
these techniques, LID techniques are attractive as they
impurity free and offer the possibility of a direct writin
capability.6

Photoabsorption-induced disordering~PAID! using a
continuous wave~cw! Nd:YAG laser is an example of a LID
technique developed in the GaInAs/GaInAsP QW system
involves band-to-band absorption of the incident cw la
radiation wavelength within the active region. Subsequ
carrier cooling and nonradiative recombination result in
generation of heat, causing interdiffusion of the QW lay
to take place. The lateral spatial resolution of the PAID p
cess was found to be;100 mm, which resulted in poor per
formance of monolithically integrated photonic devices7,8

Pulsed-photoabsorption-induced disordering~P-PAID! is an-
other LID technique, which potentially offers better spat
resolution. In this process, aQ-switched Nd:YAG laser with
a pulse length of;8 ns and a repetition rate of 10 Hz
typically used to irradiate the sample directly. The absorpt
of high-energy pulses from the Nd:YAG laser causes bo
breaking and lattice disruption in the sample, which lead
an increase in the point defect density. Subsequent high
perature annealing results in diffusion of the point defe
and enhances the QWI rate. Using spatially resolved ph
luminescence~PL! spectroscopy measurements, a spa
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resolution of ,25 mm has been determined.9 In addition,
time resolved photoluminescence~TRPL! measurements car
ried out on the same sample indicated a spatial resolutio
,20 mm.10

Aside from PL and TRPL measurements, Raman scat
ing is also one of the tools conventionally used to charac
ize the III–V semiconductors. Raman spectroscopy has b
used to study the interdiffusion mechanism in QWs and
perlattices~SLs!.11–15 In particular, in GaInAs/InP SLs, it
was demonstrated that the peak intensities and peak ene
of the InAs-, GaAs-, and InP-like longitudinal optical~LO!
phonon modes change with annealing temperature
time.13 The effect of thermal interdiffusion on a single qua
tum well ~SQW! in GaInAs/GaInAsP has bee
investigated.14 The quaternary QW structure exhibits tw
large groups of bands associated with LO phonons in
barriers and the well respectively which makes the analy
of the spectra complicated.

Here we report the observation of a large different
band gap shift between SixNy/Au masked and exposure re
gion in a GaInAs/GaInAsP SQW laser structure obtained
ing the P-PAID technique. The spatial resolution of this tec
nique was studied using micro-Raman spectroscopy
scanning across masked and intermixed interfaces.

II. EXPERIMENT

The GaInAs/GaInAsP SQW laser structure used in t
experiment was grown by metalorganic chemical vap
deposition on anS-doped InP substrate. Figure 1 shows t
overview of the layer structure.

A 200 nm thick SixNy layer was first deposited on th
sample using plasma-enhanced chemical vapor deposi
This dielectric layer acts as an antireflection coating as w
as a protective layer against surface reaction with the at
5 © 2000 American Institute of Physics
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sphere. A 200 nm gold mask was then evaporated and
fined on the SixNy surface using photolithography and lif
off. The sample was irradiated using aQ-switched 1.064mm
Nd:YAG laser with a pulse energy density of 3.0 mJ mm22

for 2 min at room temperature and at normal incidence to
surface. The pulse width of the laser was;8 ns and the pulse
repetition rate was 10 Hz. The sample preparation for
experiment is shown in Fig. 2.

The gold mask was lifted off using hydrofluoric ac
after laser exposure. The QWI stage was carried out usi
rapid thermal processor at 625 °C for 120 s. During anne
ing, the sample was sandwiched between two pieces of f
GaAs substrate to provide an As overpressure. PL meas
ments were performed at 77 K on both the masked and
posed regions before and after annealing to access the d
of QWI. The PL spectra are shown in Fig. 3. The PL sp
trum from the masked region shows a wavelength shift
only 2.5 meV compared to that of the as-grown samp
whereas the unmasked region has an additional blueshi
about 60 meV. From the PL spectra, it is deduced that
gold mask can be used as a beam reflector to preven
laser beam from entering the sample. The laser pulses

FIG. 1. Ga12xInxAs/Ga12xInxAsyP12y SQW laser structure used in the e
periment.lg is the room temperature PL wavelength inmm.

FIG. 2. Sample preparation for the spatial resolution experiment.
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only be absorbed in the unmasked region, hence genera
point defects. These point defects will in turn diffuse duri
subsequent high temperature annealing, thus resulting in
QWI. The band gap energy of the QW in the unmask
region is therefore expected to increase compared to tha
the gold masked region.

To investigate the spatial resolution of the proce
micro-Raman spectra were taken in the backscattering c
figuration in 2.5mm increments across the interface of t
intermixing mask. During the Raman measurements,
number of data-set averages was set to three to improve
signal-to-noise ratio. The sample was positioned and alig
on a high-precisionx-y-z translation stage and the measur
ments were carried out at room temperature. An Ar1 laser
operating at a wavelength of 514.5 nm, 20 mW power, a
with a spot diameter of<1 mm was used as excitatio
source. The penetration depth of the light, calculated from
absorption length in the structure, is about 50 nm below
sample surface.16

III. RESULTS AND DISCUSSION

Due to the laser excitation source and the structure u
the Raman modes with the largest signal-to-noise ratio g
erated in these measurements are those of the GaInAs
tact layer, rather than the QW layer. The P-PAID proce
generates point defects not only throughout the active reg
but also in the cap. The highest concentration of point
fects is expected in the cap because of the intensity of
beam and the nonlinear nature of the process. The sp
resolution is determined by the localization with which po
defects can be created, and the distance they diffuse du
the annealing step. Any difference in spatial resolution
tween intermixing in the cap and QW layers should, to a fi
approximation, only depend on diffraction of the beam in t
region between the cap and the active region, which i
distance of about 1.5mm. The spatial resolution of intermix
ing in the GaInAs cap layer is therefore expected to be si
lar to that in the QW. If the spatial resolution of the proce
is obtained for the top contact layer, it should be of the sa
order to that of the QW.

Figure 4 shows the Raman spectra taken in steps of
mm across the gold masked boundary, as shown in Fig
For comparison, the spectrum from an as-grown sampl

FIG. 3. Normalized PL emission spectra from the gold masked and
masked regions.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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also included. Since the sample was grown with~100! orien-
tation, only longitudinal optical phonons are allowed and
transverse optical phonons are forbidden by symmetry se
tion rules. Three groups of bands can be identified in
spectra. The low frequency range (,200 cm21) band is as-
signed to the disorder activated longitudinal acous
~DALA ! mode that is found in III–V alloy crystals.15 The
two higher frequency bands in the 210–270 and 300–
cm21 frequency ranges are identified as optical modes.
210–270 cm21 band corresponds to the GaInAs-related L
mode. This band is composed of InAs-like~210–235 cm21)
and GaAs-like~240–270 cm21) LO peaks. The band a
around 300–370 cm21 is interpreted as arising from th
GaInP LO mode. The measured LO phonon frequencies
function of distance from the gold masked boundary
summarized in Fig. 5.

FIG. 4. Raman spectra measured in steps of12.5 and22.5 mm from the
gold masked boundary.

FIG. 5. Measured LO phonon frequencies as a function of distance from
gold masked boundary.
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Three distinct types of spectra can be observed in Fig
~1! The spectra in Figs. 4~a!–4~d! were obtained from

the laser-irradiated, and hence, intermixed region. The m
distinctive differences between the spectra from this int
mixed region compared to those of the as-grown@Fig. 4~j!#
and gold masked region@Figs. 4~f!–4~i!# are the shift of the
GaAs-like LO peak of;8 cm21 to the lower frequency
~line 1! and the reduction of its intensity. The clear shift to
lower frequency and the decrease of intensity of the Ga
like LO peak are indications for the compositional change
the Ga12xInxAs layer due to the out-diffusion of the Ga an
As.13 The Ga and As vacancies are then replaced by In an
from the Ga12xInxAsyP12y layer which is located directly
under the Ga12xInxAs layer, thus converting the top
Ga12xInxAs layer into Ga12xInxAsyP12y . This postulate is
further supported through the intensity of the GaInP ba
~300–370 cm21), which becomes one of the dominant ban
in the irradiated region. In these spectra, the DALA mod
are also substantially reduced in comparison to those of
as-grown spectrum. This suggests that the disordering
dent in the as-grown sample is annealed out during proc
ing.

~2! The spectrum in Fig. 4~e! was measured from the
gold masked boundary. Because it is the transitional reg
it carries features resembling both the intermixed and
grown spectra. The GaAs-like mode was found to shift to
lower frequency, similar to the shift in the irradiated regio
while the InAs-like LO peak shows a shift of;4 cm21 to
the lower frequency. The GaInP band~300–370 cm21) starts
to increase at this boundary although the intensity is low
than that observed in the irradiated region. In addition,
DALA modes could be seen, in this spectrum, are similar
that of the as-grown sample.

~3! The spectra in Figs. 4~f!–4~i! were taken from the
gold masked region. In these spectra, the GaInAs LO mo
are also the only ones observed. Both the GaAs-like and
InAs-like modes remain distinguished, which agrees w
with the minimal intermixing observed in this region. More
over, these Raman spectra, which are very similar to th
observed in the as-grown sample, indicate the lack of
noticeable intermixing between the GaInAs cap and
GaInAsP layer after annealing in the masked regions. Thi
also clearly evident in the wavelength of the PL peak with
shift of only 2.5 meV compared to that of the as-grow
samples. In this region, similar to the as-grown sample,
DALA modes are clearly shown.

After analyzing the Raman spectra, it is clear that t
change of the Raman peaks between the intermixed and
intermixed regions takes place between two consecutive
man spectra measurements, which are 2.5mm apart. This
implies that the resolution of the P-PAID process at t
GaInAs cap is better than 2.5mm. However, as discusse
above, the resolution at the QWs should be in the same
der.

The shift to lower frequency and the decrease of
intensity of the GaAs-like LO mode in the unmasked regi
are ascribed to the increase in the In concentration~x! due to
the interdiffusion of the group III and group V elements b
tween the Ga12xInxAs and Ga12xInxAsyP12y layers. Com-

he
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paring the shifted frequency of the GaAs-like LO mode w
the results reported by Sugiuraet al. and Soniet al., the y
composition is approximated to 0.79.12,17 Assuming conser-
vation of the lattice matching condition (x51 – 0.47y),18 the
expectedx composition resulting from the intermixing wil
be ;0.63. Bound states of the intermixe
Ga12xInxAs/Ga12xInxAsyP12y QW can be calculated usin
the error-function model.19 Figure 6 shows the calculate
excitonic peak shift with respect to the diffusion length
the QW that characterizes the degree of intermixing in
QW. The plot is generated from a series of bound sta
calculation of electron and holes confined in the QW us
Ben-Daniel Duke’s equation in the effective mass appro
mation. Assuming the lattice matching condition, the
concentration~y! in the middle of the QW (z50) can be
calculated at various diffusion lengths as given in Fig.
From the PL measurement at 77 K, the PL shift of the ex
tonic peak will correspond to a certain value of diffusio
length. Then the value of the As composition in the midd
of the QW~y! can be obtained from Fig. 7. Therefore, usi
Figs. 6 and 7, the corresponding As concentration~y! due to
a PL peak shift of 90 nm obtained from Fig. 3 is;0.83
which is close to that predicted from the Raman spectr
copy measurements.

FIG. 6. Calculated PL wavelength shift with respect to as-grown at var
diffusion lengths. The insets show the QW band gap profile for three dif
ent group III diffusion lengths.

FIG. 7. As concentration in the middle of the QW.
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IV. CONCLUSION

The spatial resolution of the P-PAID QWI technique h
been studied using micro-Raman spectroscopy on a GaIn
GaInAsP SQW laser structure. A differential band gap sh
of 60 meV has been obtained across a single sample, wh
SixNy/Au mask was used to prevent exposure to the la
irradiation in selected areas. Gold was therefore proven to
an effective reflector and, hence, mask for the P-PAID te
nique. By acquiring Raman spectra from the cap whilst sc
ning across the intermixed and masked regions, it was
duced that the spatial resolution of this process is at least
mm, limited by the measurement setup. In the irradiated
gions the intermixing induces GaInP LO modes, whi
verify the intermixing between the upper GaInAs cap and
GaInAsP layer. In these regions the intermixing is also e
dent in the shift of GaAs-like modes to lower frequenci
indicating the out-diffusion of the Ga and As and their r
placement with In and P. The corresponding change of
As concentration~y! after the intermixing has also been ca
culated.
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