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Control of the band-gap shift in quantum-well intermixing
using a germanium interlayer
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A simple technique for controlling the shift in band gap in AlGaAs/GaAs and InGaAs/GaAs
quantum-well~QW! structures is reported. It involves the evaporation of a thin Ge layer and then
covering it with spin-on silica followed by rapid thermal annealing. The quantum-well intermixing
was suppressed in the presence of this Ge layer between the sample surface and the spin-on silica.
The interdiffusion rate was reduced by more than one order of magnitude compared to that without
the Ge interlayer. The blueshift of the band gap can be controlled by varying the thickness of the Ge
interlayer. A differential band-gap shift of more than 100 meV can be achieved with a 500 Å Ge
interlayer for both the AlGaAs/GaAs and InGaAs/GaAs QW structures. The optical quality of the
material was not deteriorated by the Ge cover compared to the SiO2 cover as seen from the
photoluminescence intensity and spectral linewidth. Using an appropriate mask, this technique has
the potential to tune the band gap in selected areas across a single wafer. ©2000 American
Institute of Physics.@S0003-6951~00!02812-6#
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The ability to induce band-gap variation at selected ar
across a wafer is an essential requirement for the fabrica
of monolithic integrated photonic circuits. This can b
achieved by selective epitaxial growth,1 or postgrowth
quantum-well~QW! intermixing. The localized QW inter-
mixing is capable of blueshifting the QW emission energy
several tenths of meV in predefined regions on the wa
This technique has been successfully applied to the fabr
tion of low-loss waveguides and integrated photo
devices.2,3 There are several methods to induce quantu
well intermixing.4–7 Among them, the impurity-free vacanc
disordering~IFVD! is considered promising for its simplic
ity, resulting in low damage to the crystal quality and lo
optical losses. IFVD is usually implemented by capping
semiconductor wafer with the dielectric layer, either to e
hance or to suppress the intermixing, followed by therm
annealing. Various dielectric cap layers have been studie
different material systems to achieve selective quantum-w
intermixing.8,9 SiO2 is most commonly used to enhance t
quantum-well intermixing due to the large solubility of Ga
the SiO2 film, while Si3N4, SrF2 are used to suppress th
intermixing. The interdiffusion on group-III atoms is carrie
out by the native defects, i.e., group-III vacanciesVIII , and
interstitialsI III . The group-III sublattice interdiffusion coef
ficient in IFVD depends not only on the diffusion coefficie
of the group-III vacancies, but also on their concentratio
@VIII #. The degree of QW intermixing can be spatially co
trolled across a wafer if one is capable of spatially contr
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ling the number of generated vacancies, which subseque
diffuse through a heterostructure. This can be achieved
controlling the silica cap properties to control the solubil
of Ga in SiO2 film or by controlling the number of the Ga
vacancies generated on the semiconductor surface by m
lurgical reactions.6,10 In this letter, we report the use of a thi
Ge layer and spin-on silica film to control the degree
quantum-well intermixing in AlGaAs/GaAs and InGaA
GaAs quantum-well structures.

Doped and undoped Al0.3Ga0.7As/GaAs QW structures
and In0.2Ga0.8As/GaAs QW structures were used here. Th
are all grown by low-pressure metal–organic vapor-ph
epitaxy. For the doped Al0.3Ga0.7As/GaAs samples, first a
layer of 200-nm-thick GaAs was grown on a GaAs substr
followed by a 150-nm-thick Al0.3Ga0.7As lower cladding
layer doped with Si to 231018cm23 and a 50-nm-undoped
Al0.3Ga0.7As confinement layer. The active region consists
three 7 nm GaAs quantum wells separated by 25
Al0.3Ga0.7As barriers. The upper cladding layer was a 2
nm Al0.3Ga0.7As doped with C to 231019cm23. The struc-
ture was capped with a further 30 nm of GaAs. The undop
Al0.3Ga0.7As/GaAs QW structure has exactly the same str
ture as the doped one except that there is no doping in
cladding layer. The InGaAs/GaAs QW structure had a 1mm
GaAs buffer layer grown on the GaAs substrate followed
an 8 nm In0.2Ga0.8As single-quantum well. The structure wa
capped with a 300 nm GaAs layer on the top. The Ge la
was deposited on the sample surface by e-beam evapor
with different thicknesses varying from 0 to 50 nm for di
ferent samples. After the evaporation of the Ge layer all
samples were then coated with a spin-on silica layer wit
2 © 2000 American Institute of Physics
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thickness of 150 nm. Previous studies have shown
spin-on silica is an effective dielectric encapsulant layer
enhance quantum-well intermixing.11 The wafer was then
baked at 120 °C for 1 h in air. The samples were proximit
capped and put side by side in a rapid thermal proce
~RTP! in N2 ambient during thermal annealing. Photolum
nescence~PL! measurements were conducted at 7 K realized
by a close-cycle helium cryostat. The excitation source wa
488 nm Ar1 laser and the luminescence signal was disper
by a 0.75 m monochromator.

Figure 1 shows the low-temperature~7 K! PL spectra
after thermal annealing of~a! undoped Al0.3Ga0.7As/GaAs,
~b! doped Al0.3Ga0.7As/GaAs, and ~c! undoped
In0.2Ga0.8As/GaAs QW samples with 200-Å-thick Ge inte
layer ~dashed line! and with a 1500-Å-thick spin-on SiO2
layer only ~dash-dot-dot line!. The PL spectra of the as
grown samples were also shown as the solid line. The R
were conducted at 850 °C for 30 s for the Al0.3Ga0.7As/GaAs
samples and 825 °C for 30 s for the In0.2Ga0.8As/GaAs
sample. For the undoped Al0.3Ga0.7As/GaAs QW structures
the samples with spin-on silica capping exhibit a blueshift
111.5 meV at the annealing condition, while the samp
deposited with the 200 Å Ge interlayer and then spin
silica exhibit a blueshift of only 33.7 meV. The intermixin
was greatly suppressed by 77.8 meV with the existence
the Ge interlayer. The 200 Å Ge interlayer suppressed
blueshift from 56 to 12 meV for the doped Al0.3Ga0.7As/
GaAs structure and from 81 to 32 meV for th
In0.2Ga0.8As/GaAs structure as compared to the samp
capped with SiO2 in the same thermal annealing process.
view of the PL peak intensity and width, the signals from t
samples with the Ge interlayer are better than that from
samples with the SiO2 covering only for all the three QW
structures. This confirms that the Ge layer does not sign
cantly degrade the optical properties of the materials in Q

FIG. 1. Low-temperature~7 K! photoluminescence spectra of quantum-w
samples with and without a Ge interlayer after rapid thermal annealing
30 s. ~a! Undoped Al0.3Ga0.7As/GaAs QW annealed at 850 °C;~b! doped
Al0.3Ga0.7As/GaAs QW annealed at 850 °C; and~c! undoped
In0.2Ga0.8As/GaAs QW annealed at 825 °C. The solid line is the PL sp
trum for the as-grown sample; the dashed line is for the sample covered
a 200-Å-thick Ge layer and then a SiO2 layer, the dash-dot-dot line is fo
sample covered with the SiO2 layer only.
Downloaded 05 Jun 2004 to 128.100.138.248. Redistribution subject to A
at
o

or

a
d

P

f
s
n

of
e

s

e

-

intermixing, at least giving a material quality comparable
that with the SiO2 capping. The doped Al0.3Ga0.7As/GaAs
structure shows a much smaller PL peak blueshift than
of the undoped one. This is consistent with the previous
ports which attribute this to suppression of the negativ
charged group-III vacancies in thep-type material, and
hence, show a smaller band-gap shift.12,13The amount of PL
blueshift versus the annealing temperature is plotted in F
2. At 800 °C for Al0.3Ga0.7As/GaAs QWs and 775 °C for the
In0.2Ga0.8As/GaAs QW, the difference in the energy shif
between the samples with and without the 200 Å Ge int
layer are not so obvious. As the annealing temperature
creases, the energy blueshift rapidly increases for
samples capped with SiO2 only ~solid line!, while there is a
much less increase for samples with the 200 Å Ge interla
~dashed line!. A differential blueshift of more than 100 meV
can be achieved between doped and undo
Al0.3Ga0.7As/GaAs QW structures, with and without the 20
Å Ge interlayer when annealed at 875 °C for 30 s. For
In0.2Ga0.8As/GaAs QW, the difference is about 47 meV whe
annealed at 850 °C for 30 s. A thicker Ge layer evapora
onto the GaAs surface can suppress the intermixing m
efficiently, as shown in Fig. 3. Using a 500-Å-thick Ge laye
the QW intermixing is almost totally suppressed with blu
shifts less than 10 meV. The interdiffusion coefficient calc
lated for the undoped Al0.3Ga0.7As/GaAs quantum wells was
reduced to 4310217cm2/s, compared to that of 5
310216cm2/s for the SiO2 capped samples. Over one ord
of magnitude change of the group-III interdiffusion coef
cient can be achieved by varying the Ge layer thickness fr
0 to 500 Å. This provides a method to realize control of t
band-gap change across a wafer by the evaporation of
layers with varying thicknesses on different regions of t
GaAs surface. Actually, multiwavelength laser devices ha
been successfully fabricated by applying this technology
will be reported elsewhere.

r

-
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FIG. 2. PL peak energy shift as a function of the annealing temperature
a duration of 30 s. The solid symbolsj, d, and l are for undoped
Al0.3Ga0.7As/GaAs, doped Al0.3Ga0.7As/GaAs, and undoped
In0.2Ga0.8As/GaAs quantum wells with the SiO2 covering, respectively,
while the open symbolsh, s, andL are for the samples with a 200 Å G
interlayer, respectively.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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For the impurity-free vacancy-enhanced interdiffusion
GaAs systems by a deposited SiO2 layer, it is well believed
that an increased Ga vacancy concentration is responsibl
the enhancing of interdiffusion. In addition to the high d
fusion coefficient of Ga in SiO2, the thermal stress at th
interface of GaAs and SiO2 also plays a very important rol
in enhancing the out-diffusion of Ga atoms into the Si2

film.13 The SiO2 deposited by different methods may have
different degree in enhancing QW intermixing due to th
different properties. A recent study shows that by expos
the silica film used in the process of IFVD to oxygen plasm
the QW intermixing can be greatly suppressed. The inh
tion of intermixing is ascribed to the changing of the pro
erties and porosity of the SiO2, which indicates that H2O and
air in the film pores play a key role in assisting and preve
ing the Ga out-diffusion.11 The spin-on silica film can reduc
the threshold temperature at which significant QW interm
ing takes place by about 90 °C, which may be because
more porous and contains more H2O than the conventiona
plasma-enhanced chemical-vapor desposition SiO2. The
combination of the Ge layer evaporated on the GaAs sur
followed by spin-on silica may have several functions
suppressing QW intermixing. The Ge has a similar exp
sion coefficient to that of GaAs, while the thermal expans
coefficient of SiO2 is ten times less than that of GaAs. Th
thermal stress induced at the Ge–GaAs interface during
RTP is, therefore, much lower than that for a SiO2–GaAs
interface. The thin Ge layer acts as a ‘‘soft’’ interlayer th
will result in less Ga out-diffusion. The Ge interlayer al
acts as a barrier for the Ga diffusion into SiO2. The low
diffusion coefficient of atomic Ga through this barrier lay
would limit the mass-transport flux of atomic Ga from th
GaAs into the spin-on silica layer. Furthermore, this Ge
terlayer can react with SiO2 and the residual H2O in the silica

FIG. 3. PL peak energy shifts as a function of the thickness of Ge interla
Thermal annealing were conducted at 850 °C for 30 s for both undo
~open squareh! and doped~open circles! Al0.3Ga0.7As/GaAs QWs, and
825 °C for 30 s for the undoped In0.2Ga0.8As/GaAs QW~open diamondL!.
Dotted lines are to guide the eye.
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layer during high-temperature thermal annealing to prod
GeO2 and Si. This will change the properties of the silic
layer, and hence, reduce the diffusivity of Ga in such fil
All these will contribute to the inhibition of the Ga out
diffusion into the silica layer, and hence, limit the number
Ga vacancies available for the interdiffusion in the hete
structure. Increasing the Ge layer thickness will increase
barrier thickness, further reducing the thermal stress cau
by SiO2 and changing the properties of the silica film,
further suppress the QW intermixing. The diffusion
atomic Ge and Si into the QW structure would lead
impurity-induced QW intermixing. However, neither the G
itself nor the Si produced in the reaction of Ge with SiO2

appears to act as an impurity source here since the QW
termixing was suppressed with increasing Ge layer thickn
and the doped Al0.3Ga0.7As/GaAs structure showed a re
duced extent of intermixing, which cannot be explained
the impurity-induced QW intermixing.

In conclusion, we have reported the control of the ext
of QW intermixing by using an evaporated Ge layer a
followed by a spin-on silica layer in both doped and undop
Al0.3Ga0.7As/GaAs QW structures and an undop
In0.2Ga0.8As/GaAs QW structure. The band-gap blueshi
can be controlled by varying the thickness of the Ge layer
differential band-gap shift of more than 100 meV can
achieved in the areas with and without the Ge interlayer i
single wafer. The inhibition of the QW intermixing is as
cribed to the reduced interface stress, barrier effect of the
interlayer, and the change of the properties of the SiO2 layer.
This process has the potential to be an effective metho
realize spatially selective QW intermixing.
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