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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 A 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 &i@er 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 waf@Q00CAmerican
Institute of Physicg.S0003-695(00)02812-§

The ability to induce band-gap variation at selected areabng the number of generated vacancies, which subsequently
across a wafer is an essential requirement for the fabricatiodiffuse through a heterostructure. This can be achieved by
of monolithic integrated photonic circuits. This can be controlling the silica cap properties to control the solubility
achieved by selective epitaxial growthpr postgrowth of Ga in SiG film or by controlling the number of the Ga
quantum-well(QW) intermixing. The localized QW inter- vacancies generated on the semiconductor surface by metal-
mixing is capable of blueshifting the QW emission energy bylurgical reaction$:*°In this letter, we report the use of a thin
several tenths of meV in predefined regions on the waferGe layer and spin-on silica film to control the degree of
This technique has been successfully applied to the fabric&uantum-well intermixing in AlGaAs/GaAs and InGaAs/
tion of low-loss waveguides and integrated photonicGaAs quantum-well structures.
devices>® There are several methods to induce quantum- Doped and undoped fiGa,As/GaAs QW structures
well intermixing*~7 Among them, the impurity-free vacancy and I ;Ga gAs/GaAs QW structures were used here. They
disordering(IFVD) is considered promising for its simplic- aré all grown by low-pressure metal—organic vapqr-phase
ity, resulting in low damage to the crystal quality and low ePitaxy. For the doped §iGa 7As/GaAs samples, first a
optical losses. IFVD is usually implemented by capping the/@yer of 200-nm-thick GaAs was grown on a GaAs substrate
semiconductor wafer with the dielectric layer, either to en-followed by a 150-nm-thick Al{Ga 7As lower cladding

; ; 8 ~—3
hance or to suppress the intermixing, followed by thermallalyer doped W't? Si to 2<|101 th and a 50-nm-undoped .
annealing. Various dielectric cap layers have been studied i 0353 7As confinement layer. The active region consists o

different material systems to achieve selective quantum-we ree 7 nm G"’?AS quantum  wells s'eparated by 25 nm
intermixing®® SiO, is most commonly used to enhance the~o.8G&.#As barriers. The upper cladding layer was a 250

; 9.m=3 ]
guantum-well intermixing due to the large solubility of Ga in nm Al $Ga A doped with C to 210%cm*. The struc

o . . ture was capped with a further 30 nm of GaAs. The undoped
the SiG film, while SiN,, SrF, are used to suppress the
. o . PP . . AlyGa ,As/GaAs QW structure has exactly the same struc-
intermixing. The interdiffusion on group-lll atoms is carried . L
out by the native defects. i.e.. aroup-lll vacandi and ture as the doped one except that there is no doping in the
. l: )t/'t' Is| IVTh ' III'I X %I ;Jtp Vt giff Vﬂ_ﬁ», ¢ cladding layer. The InGaAs/GaAs QW structure had @
|fn _erst|_|a”s:\y||3. q € g(rjoup-t S? a 't(;]e ldn_f(:r ; usmnf?o_e -t GaAs buffer layer grown on the GaAs substrate followed by
icientin epends not only on the ciffusion coetliclent 5, gy, I .Ga& gAs single-quantum well. The structure was
of the group-Ill vacancies, but also on their concentrations

) . i capped with a 300 nm GaAs layer on the top. The Ge layer
[Vii]. The degree of QW intermixing can be spatially con-

: - X was deposited on the sample surface by e-beam evaporation
trolled across a wafer if one is capable of spatially control-ii gifferent thicknesses varying from 0 to 50 nm for dif-
ferent samples. After the evaporation of the Ge layer all the

dElectronic Mail: elecsj@nus.edu.sg samples were then coated with a spin-on silica layer with a
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FIG. 1. Low-temperaturé7 K) photoluminescence spectra of quantum-well £1G_ 2. PL peak energy shift as a function of the annealing temperature for
samples with and without a Ge interlayer after rapid thermal annealing for, guration of 30 s. The solid symboll, @, and ¢ are for undoped

30 s.(a) Undoped A} Ga -As/GaAs QW annealed at 850 ° @) doped Al Ga, As/GaAs, doped  AJGa As/GaAs, and undoped
AlofGaysAs/GaAs QW annealed at 850°C; andc) undoped n,.Ga As/GaAs quantum wells with the SjOcovering, respectively,

Ing Gap As/GaAs QW annealed at 825 °C. The solid line is the PL spec-yhjle the open symbol&], O, and O are for the samples with a 200 A Ge
trum for the as-grown sample; the dashed line is for the sample covered Witfhterlayer, respectively.

a 200-A-thick Ge layer and then a Si@yer, the dash-dot-dot line is for

sample covered with the SiQayer only.

intermixing, at least giving a material quality comparable to

thickness of 150 nm. Previous studies have shown thaH‘at with the SiQ capping. The doped &bGaO-7AS,’/GaAS
spin-on silica is an effective dielectric encapsulant layer to>tUcture shows a much smaller PL peak blueshift than that

enhance quantum-well intermixifd. The wafer was then of the undoped one. This is consistent with the previous re-
baked at 120°C fol h in air. The samples were proximity ports which attribute this to suppression of the negatively

capped and put side by side in a rapid thermal processdiarged group-lll vacancies in thp—gype material, and
(RTP) in N, ambient during thermal annealing. Photolumi- N€nce, show a smaller band-gap stift’ The amount of PL
nescencéPL) measurements were conducted & realized blueshift versus the annealing temperature is plotted in Fig.
by a close-cycle helium cryostat. The excitation source was &- At 800 “C for Ab (Ga /As/GaAs QWs and 775 °C for the
488 nm Ar* laser and the luminescence signal was disperselilo G gAS/GaAs QW, the difference in the energy shifts
by a 0.75 m monochromator. between the samples with and without the 200 A Ge inter-
Figure 1 shows the low-temperatu(@ K) PL spectra layer are not so obvious. As the annealing temperature in-
after thermal annealing ofa) undoped A} Ga, As/GaAs, Creases, the energy blueshift rapidly increases for the
(b) doped A}Ga-As/GaAs, and (c) undoped Samples capped with Si@nly (solid line), while there is a
Iny ,Gay gAs/GaAs QW samples with 200-A-thick Ge inter- much less increase for samples with the 200 A Ge interlayer
layer (dashed ling and with a 1500-A-thick spin-on SiO (dashed ling A differential blueshift of more than 100 meV
layer only (dash-dot-dot line The PL spectra of the as- can be achieved between doped and undoped
grown samples were also shown as the solid line. The RTBIlo:G& As/GaAs QW structures, with and without the 200
were conducted at 850 °C for 30 s for the,ABa, ;As/GaAs A Ge interlayer when annealed at 875°C for 30 s. For the
samples and 825°C for 30 s for theyh®a, gAs/GaAs [Ny Gay gAs/GaAs QW, the difference is about 47 meV when
sample. For the undoped AfGa, /As/GaAs QW structures, annealed at 850 °C for 30 s. A thicker Ge layer evaporated
the samples with spin-on silica capping exhibit a blueshift ofonto the GaAs surface can suppress the intermixing more
111.5 meV at the annealing condition, while the samplefficiently, as shown in Fig. 3. Using a 500-A-thick Ge layer,
deposited with the 200 A Ge interlayer and then spin-orthe QW intermixing is almost totally suppressed with blue-
silica exhibit a blueshift of only 33.7 meV. The intermixing shifts less than 10 meV. The interdiffusion coefficient calcu-
was greatly suppressed by 77.8 meV with the existence dfted for the undoped fkGa, ;As/GaAs quantum wells was
the Ge interlayer. The 200 A Ge interlayer suppressed theeduced to 410 *’cn¥/s, compared to that of 5
blueshift from 56 to 12 meV for the doped AlGa -As/ X 10 ®cn¥/s for the SiQ capped samples. Over one order
GaAs structure and from 81 to 32 meV for the of magnitude change of the group-lll interdiffusion coeffi-
Ing .Gay gAs/GaAs structure as compared to the samplesient can be achieved by varying the Ge layer thickness from
capped with Si@in the same thermal annealing process. In0 to 500 A. This provides a method to realize control of the
view of the PL peak intensity and width, the signals from theband-gap change across a wafer by the evaporation of Ge
samples with the Ge interlayer are better than that from théayers with varying thicknesses on different regions of the
samples with the Si©covering only for all the three QW GaAs surface. Actually, multiwavelength laser devices have
structures. This confirms that the Ge layer does not signifibeen successfully fabricated by applying this technology. It

cantly degrade the optical properties of the materials in QWwill be reported elsewhere.
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120 layer during high-temperature thermal annealing to produce
— 100l |:1‘ GeO, and Si. This will change the properties of the silica
% . layer, and hence, reduce the diffusivity of Ga in such film.
E sof & All these will contribute to the inhibition of the Ga out-
'.g ook . ‘I:L diffusion into the silica layer, and hence, limit the number of
g SN Ga vacancies available for the interdiffusion in the hetero-
% a0k ooty structure. Increasing the Ge layer thickness will increase the
S je . RoIN R barrier thickness, further reducing the thermal stress caused
g 2r ol B, by SiO, and changing the properties of the silica film, to
o ol 1 R S $ further suppress the QW intermixing. The diffusion of
0 100 200 300 400 500 atomic Ge and Si into the QW structure would lead to
Ge thickness (A) impurity-induced QW intermixing. However, neither the Ge

. . . , itself nor the Si produced in the reaction of Ge with $iO

FIG. 3. PL peak energy shifts as a function of the thickness of Ge interlayer, . . . .

Thermal annealing were conducted at 850 °C for 30 s for both undopeé'}ippearS to act as an impurity source here since the QW in-

(open squarél) and dopedopen circleO) Al,Ga, As/GaAs QWs, and  termixing was suppressed with increasing Ge layer thickness

825 °C for 30 s for the undopedsGa, gAs/GaAs QW(open diamondd ). and the doped AlGa, -As/GaAs structure showed a re-

Dotted lines are to guide the eye. duced extent of intermixing, which cannot be explained by
the impurity-induced QW intermixing.

For the impurity-free vacancy-enhanced interdiffusionin - |n conclusion, we have reported the control of the extent
GaAs systems by a deposited $ilayer, it is well believed  of Qw intermixing by using an evaporated Ge layer and
that an increased Ga vacancy concentration is responsible fedjiowed by a spin-on silica layer in both doped and undoped
the enhancing of interdiffusion. In addition to the high dif- 5| .Ga ,As/GaAs QW structures and an undoped
fusion coefficient of Ga in Sig) the thermal stress at the | Gg, As/GaAs QW structure. The band-gap blueshifts
interface of GaAs and Sifalso plays a very important role - can pe controlled by varying the thickness of the Ge layer. A
in enhancing the out-diffusion of Ga atoms into the SIO ifferential band-gap shift of more than 100 meV can be
film.™ The SiG, deposited by different methods may have aachieved in the areas with and without the Ge interlayer in a
different degree in enhancing QW intermixing due to theirgingle wafer. The inhibition of the QW intermixing is as-
different properties. A recent study shows that by exposingyihed to the reduced interface stress, barrier effect of the Ge
the silica film used in the process of IFVD to oxygen plasma,nteriayer, and the change of the properties of the,%iger.
the QW intermixing can be greatly suppressed. The inhibi-This process has the potential to be an effective method to
tion of intermixing is ascribed to the changing of the prop-ggjize spatially selective QW intermixing.
erties and porosity of the SgOwhich indicates that O and
air in the film pores play a key role in assisting and prevent-
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