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The functionality of optical components relies heavily on the composition-dependent properties of ger-
manosilicate materials, which include the refractive index, photosensitivity, and microstructural prop-
erties. Recent studies and parallel developments are presented of germanosilicate films with composition
x of Ge content (i.e., xGeO2:�1 � x�SiO2) that were synthesized by the solgel process for various integrated
photonic applications undertaken. The following novel aspects are discussed with respect to the effect of
composition of the glassy films �0.05 � x � 0.40�: determination of spectral optical properties, UV
imprinting of optical waveguides with relatively large index change ��n�, and quantum-well intermixing
enhancement observed in InGaAs�P��InP quantum-well optical devices. The implications of the results
are discussed. © 2007 Optical Society of America

OCIS codes: 160.6060, 130.3130, 130.0250, 130.5990, 310.6860, 230.5590.

1. Introduction

Ever since the deployment of optical fibers in the
1980s, the germanosilicate glass has been the material
of choice for many devices operating within the tele-
communication window. Soon after, photosensitivity
in such glass was discovered, enabling the fabrication
of devices such as fiber gratings, waveguide gratings,
and recently the direct writing of optical devices [1,2].
Besides the ability to change the refractive index (RI)
by either varying the composition of the germanosili-
cate or the dosage of UV exposure, the change in phys-
ical properties and microstructure can be exploited in
some photonic applications. In this paper, we present
our work on three aspects of germanosilicate films:
spectral properties (viz., optical dispersion), UV pho-
tosensitivity leading to UV imprinting of optical
waveguides, and porous germanosilicate films as an
encapsulant layer for quantum-well intermixing (QWI).

With a higher electronic polarizability in GeO2, its
addition into a SiO2 matrix is to raise the RI to

achieve index guiding of near-infrared lightwaves.
The relatively high RI of the core region affords stron-
ger optical confinement, hence, reducing bend loss
and device size [3–5]. Despite the number of prior
studies of GeO2:SiO2 films [6–9] reports to date lack
the spectroscopic details about the RI, which are
valuable in the light of the foreseeable expansion in
the telecommunication window (in the range of �1.2
to 1.7 �m). Advances in metrology have enabled pre-
cise determinations of the optical constants of films
by spectroscopic ellipsometry ��10�3� [10]. Compre-
hensive characterization has been performed on the
precise physical microstructure of the film samples,
which allows an accurate determination of the dis-
persion (i.e., the spectral change of RI with wave-
length) for different compositions [11]. The Sellmeier
dispersion model was effectively used to describe the
optical dispersion properties of the GeO2:SiO2 films
for a range of wavelengths from 210 to 1700 nm.

The UV-induced RI change (photosensitivity) of the
core layer presents an alternative technique with two
attractive advantages in the fabrication of optical
waveguide based devices. First, waveguiding devices
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can be defined without the need to do lithography and
etching where sidewall roughness adversely affects
the performance of the waveguides. Secondly, post-
fabrication adjustments of complex devices are pos-
sible to remedy for fabrication imperfections [12–15].
For large-scale device integration, one desirable at-
tribute of direct-writing techniques is to achieve high
permanent RI change (cf. RI contrast). Photosensitiv-
ity, in this context, refers to the photo-induced chem-
ical modification of the inorganic glass, which results
in a change in the RI, �n. Although the exact mech-
anisms that cause such change in the RI are still the
subject of debates at presence, many studies have
shown that such photosensitivity is, in fact, associ-
ated with nonstoichiometric defects [16–20], which
increase with the concentration of germanium [21–
23]. Photosensitivity in optical fibers and, hence, fiber
Bragg gratings have traditionally been restricted to
values of �n � 10�4 [24,25]. On the other hand, pla-
nar optical waveguides provide a platform that has a
substantially higher level of flexibility in terms of
composition of the core. Recent works have reported
achievements in the range of �n � 10�3 [24,26] fab-
ricated by deposition methods such as vapour axial
deposition and chemical vapor deposition (CVD) with
additional UV-sensitization processes of hydrogen
and thermal treatments. Recently, we demonstrated
that an increase in RI up to 0.0098 has been achieved
when our solgel derived germanosilicate films of ap-
proximately �200 nm in thickness were exposed to
UV light. Such an increase in RI was attributed to the
creation of an oxygen deficient center without em-
ploying any sensitization technique [27].

In another application dealing with photonic inte-
gration, we exploited the composition-dependent mi-
crostructural properties of the germanosilicate films.
The technique of QWI [28] allows reliable and low-
cost modifications of QW bandgap energy on the as-
grown wafer. QWI has been found to be a more
manufacturing-friendly process over the traditional
growth–regrowth and selective-area growth process
to achieve photonic integration because of its ability
to selectively fine-tune the QW bandgap in different
regions within the same epitaxial layer structure,
through the interdiffusion between the QW and the
adjacent barrier material [28,29]. The mechanisms
that afford QWI involve the creation of disordering in
the top barrier layer and subsequently the thermally
activated interlayer diffusion of the created defects
and constituents of the QW layers (i.e., Group III and
V ions) leading to a change in the energy profile
across the QW. Certainly, the QWs can tolerate only
a suitable annealing temperature to promote the in-
termixing while retaining the crystalline quality. A
high annealing temperature may cause the severe
surface out-diffusion and dopant redistribution, which
may contribute to the significant intrinsic waveguide
loss due to free carrier absorption [29]. Compared with
alternative techniques (e.g., laser-induced disordering,
plasma-induced disordering, and impurity-induced
disordering) [28] dielectric cap-induced disordering

can be seen to be commercially attractive in large-scale
production as it involves the deposition of a dielectric
layer, which can be applied to large areas. In addition,
device integration can be implemented economically
by simple schemes involving area-selective bandgap
modification [30,31]. The key to this process is the
ability to tailor the dielectric properties to spatially
control the interdiffusion rate in the QW. Hence the
solgel process is expected to provide added values as a
low-cost alternative of QWI techniques. While prior
reports have shown the enhancement of QWI by the
use of silica-based solgel caps on GaAs-based QWs
with a very restrictive amount of doping of phorpho-
rous [32,33] ��5 mol. %�, our results [34] distinctly
demonstrate the modification of excitonic emission in
InP-based QWs using a highly doped solgel-silica cap.
We discuss the effect of germanosilicate encapsulant
layer (i.e., the dielectric cap) on the trimming of the
bandgap energy of InGaAs(P)�InP QW laser struc-
ture.

2. Experimental Procedures

The raw materials of the solgel process incorporate
precursors (tetraethoxysilane, 98% and germanium
isopropoxide, 99.99%), which are readily soluble in
common solvents. The details of the process are de-
scribed in Fig. 1. Tetraethoxysilane (TEOS) was pre-
hydrolyzed in a mixture (Sol-S) of ethanol and acidified
(HCl) water of pH 1; the molar ratio of each component
in the respective order was 1:4:2. Ge isopropoxide was
diluted in anhydrous isopropanol at a molar ratio of 1:4
in a stock solution (Sol-G) in a N2-purged glovebox
(relative humidity �30%). An appropriate volume
was later extracted from Sol-G and added to the Sol-S
to become the Sol-SG for a desired composition of
xGeO2:�1 � x�SiO2 for 0.05 � x � 0.40. After a period
of ageing ��1–4 h� under rigorous mechanical agita-
tion, the Sol-SG, was then spin coated on the desired
substrate (silicon or III-V) depending on the intended
applications. The dilution step was only used as
needed to ensure that the solution remain clear dur-
ing the ageing period. This spin-coating process was
performed in a N2-purged glovebox. The dried gel
films were typically subjected to thermal treatment
by a rapid thermal processor (RTP) for annealing
periods for 20 s with a ramp rate of �25 °C�s or by an
electric furnace with air ambient for annealing peri-
ods �10 min at temperature �1000 °C.

A. Thin Films for the Determination of the Spectral
Properties

In the study of spectro-optical properties, thin films
(thickness of �200 nm) of single coating were depos-
ited at 1000 rpm on Si (100) substrates. The films
were annealed in an electric furnace for 10 to 15 min
at temperatures of 1000 °C to 1100 °C. The fabrica-
tion of planar waveguides followed closely the method
proposed by Syms et al. [35,36]. Each coating was
deposited at �2000 rpm. The dispersion properties of
germanosilicate films were determined by the use of
a variable angle spectroscopic ellipsometry (VASE)
from J. A. Woollam, in a reflection mode at 60° and
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75° angles of incidence. The WVASE2.0 software was
used to analyze the data from 210 to 1700 nm. The
details of the measurements can be found in an ear-
lier publication [11].

B. Ultraviolet-Imprinted Channel Waveguides

Multiple cycles of spin coating were required to
achieve a suitable thickness of �3 �m at a composi-
tion of x � 0.20 on a Si wafer with 10 �m thermal
oxide. The RTP was used to anneal the sample at
900 °C in flowing O2 gas after every coating cycle. A
consolidation step was carried out in the electric fur-
nace at 1000 °C for over 30 min. To form channel
waveguides and devices by direct UV writing tech-
nique, the solgel-derived core germanosilicate layer
was radiated using a KrF excimer laser �248 nm� for
�10 min at 450 mJ�pulse (beam size 24 � 12 mm2)
and 10 Hz. The required RI contrast was realized by
the use of a photomask in contact with the surface of
the sample. Channel waveguides were characterized
by taking a near-field image of the optical output by
launching 1.55 �m lightwaves via a single-mode fiber
(SMF) in a butt-couple configuration. The image was
viewed with a 40� objective lens and recorded by a
CCD camera using the BEAMProfile analysis soft-
ware.

C. Solgel-Derived Encapsulant-Induced Quantum-Well
Intermixing

The encapsulant porous GeO2:SiO2 was spin coated
at 2500 rpm on substrates that contained the QWs.
The lattice-matched InGaAs�InGaAsP QW laser
structure was grown by metalorganic vapor phase

epitaxy on (100)-oriented InP substrates as reported
earlier [37]. The active region consists of five periods
of 55 Å In0.53Ga0.47As QWs with 120 Å InGaAsP bar-
riers. Prior to the annealing using a RTP in flowing
N2 ambient for 2 min, the solgel capped samples were
prebaked on a hot plate at 160 °C for 5 min to evap-
orate the residual solvent. QWI was activated by an
annealing step at 630 °C for 2 min under flowing N2
gas with a GaAs proximity cap. Photoluminescence
(PL) at 77 K was performed on the QW samples to
assess the degree of bandgap shift and linewidth
broadening (viz., the extent of QWI) using an Nd:YAG
laser �1.064 �m� as an excitation source.

3. Results and Discussions

A. Spectral Properties of Germanosilicate Films

To ensure an accurate reproduction of the optical
constants from spectroscopic ellipsometry (SE) anal-
ysis, a rigorous characterization of the physical
structure of the samples after annealing has been
performed. In brief, the IR absorption spectra showed
a high degree of random mixing between the germa-
nium and silicon oxides and low OH content, and
Rutherford backscattering (RBS) measurements re-
vealed stoichiometric (i.e., O��Ge � Si� 	 2) binary
oxide films were achieved [Fig. 2(a)]. Using the
RUMP simulation, the areal atomic density of the
film was determined from the RBS spectra. Combin-
ing with the thickness derived from the SE data, the
density of the films was found. In Fig. 2(b) the density
of the samples is in good agreement with the linear
approximation calculated from the density of pure

Fig. 1. Process flow of the fabrication of thick films involved in this work. The synthesis of porous or dense single-layer thin film
essentially follows the same chemical mixing and spin coating procedures.
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SiO2 and GeO2 (i.e., 2.202 and 3.604 g�cm3, respec-
tively [7]) and the density values as determined by
Huang et al. [7]. In an attempt to reduce the noise of
the measurement data and to avoid possible correla-
tion between the parameters of the dispersion model
and others involved in the SE analysis, a multi-
sample and multiangle measurement strategy was
adopted [11,38,39] for a spectral range of 210–
1700 nm.

Assuming negligible absorption (as validated by
UV-VIS spectra down to 190 nm), the Sellmeier dis-
persion formula [38] was used to model the dispersion
of the germanosilicate films. The Sellmeier disper-
sion formula is expressed as

n2 	 
0 �
a�2

�2 � b2 � c�2, (1)

where 
0, a, b, c are the adjustable characteristic
Sellmeier parameters. The SE model incorporating
the Sellmeier dispersion formula shows good fits
(mean-square error below 3) to the measured SE
data. The resulting composition-dependent RI is
clearly demonstrated in Fig. 2. Such a linear trend is
typical of many silica-based materials [40], and the
increase in RI with x as a result of an increase in
polarizability and density can be explained by the
Lorentz–Lorenz relationship [7,41]. A comparison
with results from prior works at selected wavelengths
illustrates the fidelity of the Sellmeier dispersion
and that the density of the germanosilicate films fab-
ricated using our solgel process is comparable to
glasses formed by CVD [Bellman et al. [9], RI at
1550 nm, n(NIR)]. The Sellmeier dispersion relations
representing the measured compositions are plotted
in Fig. 3. The linear variation of RI with composition

(x) noted in Fig. 2(c) allows an interpolation of the
dispersion relationships forming a 3D data plot [11].
These data sets can then be used to predict values
(either composition or RI) at a given wavelength.

In optical communications, the material dispersion
coefficient, DMAT, is defined as

DMAT 	 �
�

c
�2n

��2, (2)

where c refers to the speed of light in vacuum. The
Sellmeier dispersion relationships determined from

Fig. 2. (a) Stoichiometry of solgel synthesized xGeO2:�1 � x�SiO2 films determined by RBS. (b) Density of the films calculated using the
areal atomic density from RBS and the thickness deduced from the SE analysis. (c) Linearity of the variation in RIs with composition. The
dashed line represents the linear regression of the n(He–Ne) data from this work. RIs for the various important wavelengths are shown
(see text).

Fig. 3. Sellmeier dispersion for the selected compositions, 0 � x
� 0.4. Inset shows the zero-dispersion wavelengths for the differ-
ent compositions.

4400 APPLIED OPTICS � Vol. 46, No. 20 � 10 July 2007



the SE analysis can be used to calculate DMAT for each
composition (x) by substituting Eq. (1) into Eq. (2).
Setting DMAT 	 0, the zero-dispersion wavelength is
shown to increase with x (inset of Fig. 3). We then
conclude that the material dispersion is sensitive to
the Ge content within the optical communication
window, and the zero-dispersion wavelength can be
tailored by selecting a specific x value.

B. Photosensitivity and Direct Writing of Optical
Waveguides

Although laser-written waveguides in SiO2 have
been reported [42], the incorporation of GeO2 will
enhance the achievable increase in the change of
an UV-induced RI, �n [23]. A �n of 2.3 � 10�3 was
achieved in a planar waveguide (core-layer thickness
of �3 �m) with low loss �0.5 dB�cm as character-
ized by the prism-coupled configuration [27]. A
single-mode optical signal can be seen quite clearly
from the figure for a 6 mm long channel waveguide
Fig. 4(a).

The effectiveness of the optical guiding ability can be
seen through the intensity profiles of the near-field
image. The measured profiles along the X and Y axes
are shown respectively as X expt and Y expt in Fig.
4(b). A profile of a Gaussian approximation of the fun-
damental mode, using the value of �n as measured by
the prism coupler, is presented (X Gmode) as a com-
parison. The asymmetry of the Y expt profile can be
understood from the inherent air-GeO:SiO2-SiO2
structure. The slight asymmetry of the X expt curve
could possibly be attributable to the imperfections in
the UV irradiation setup leading to nonuniform irra-
diance and�or nonpolished end face of the waveguide,
causing wavefront distortion at the waveguide out-
put. Without guiding (i.e., planar waveguide without
UV exposure), the lightwaves launched from the
SMF after a propagation length of 500 �m in the
waveguide would experience diffraction, causing

broadening of the beam profile as shown by X Gdiff in
Fig. 4(c) along the X axis. The theoretical intensity
profiles were calculated according to expressions
given in a prior report [43]. From the comparison of
X expt, X Gmode, and X Gdiff, the achieved �n and
effectiveness of the direct-writing technique can be
ascertained. This is made possible owing to the abil-
ity to induce relatively high �n by the UV radiation to
confine the lightwaves. In most cases, the values of
�n are relatively small, of the order of 10�5–10�4

[44,45], which are inadequate for strong confinement
of the lightwaves. The change in refractive index is
normally explained in terms of a number of photo-
chemical reactions involving oxygen-deficient defects
such as the neutral oxygen monovacancy (NOMV)
and Ge2� [44,45]. The defects are shown schemati-
cally in Fig. 5.

Sakoh et al. [26] reported a RI change of approxi-
mately 10�3 involving highly photosensitive Ge2� cen-
ters [(Fig. 5(c)]. Our work has shown that �n of as
high as 9.8 � 10�3 for films of thickness �200 nm can
be achieved by the combination of UV radiation and
the solgel spin-coating process, yielding pure inor-
ganic films [27]. This relatively high value of �n is
explained in terms of the creation of oxygen related
defects [27].

C. Quantum-Well Intermixing Using Germanosilicate
Encapsulant Layer

The annealed bare sample of an incomplete laser
structure used in this study, shown in Fig. 6(a), ex-
hibits only a small bandgap blueshift of �12 nm. The
incomplete structure refers to the full laser structure
after subsequent removal of highly doped InGaAs
contact layers above the QW region. Figure 6(a) also
shows that a change in the PL peak wavelength is
affected by the compositions of the germanosilicate
cap layer. Evidently, the solgel cap enhances the in-
termixing rate in QWs. At Ge content of x � 0.1, the

Fig. 4. (a) Near-field image of the optical output of a direct-written channel waveguide. Aperture of the mask is 5 �m. (b) Normalized
intensity profiles of the measured beam profile across the X axis (X expt) and Y axis (Y expt); the theoretical profile derived from the
Gaussian field approximation (X-Gmode); the abscissa is in units of micrometers. (c) Comparison between the Gaussian approximation of
intensity profile with guiding (X Gmode) and without guiding (X Gdiff) in X.
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PL peak shift remains constant at �16 nm. Beyond
this there is nearly a linear increase in the PL shift
up to x � 0.30.

We further perform the intermixing study on the
complete QW laser structure to demonstrate the post-
growth bandgap tuning using the solgel cap. Bare
(uncapped) samples and samples capped by e-beam-
evaporated SiO2 (EBSi) were also annealed for com-
parison. In Fig. 6(b), we obtain four distinguished PL
spectra from bare samples and capped samples with
the EBSi and Ge-doped solgels (x 	 0.00 and 0.16).
The PL peaks for EBSi, uncapped, x 	 0 and 0.16 are
respectively 1456, 1436, 1408, and 1392 nm. This re-
sult highlights the spatial bandgap selectivity using a
combination of dielectric caps. The control sample

and the intermixed sample �x 	 0.16� exhibit a com-
parable PL linewidth ��40 meV� while the as-grown
PL has a linewidth of 44 meV. The negligibly small
linewidth broadening infers the retention of the op-
tical quality after intermixing. The overall blueshifts
in the complete laser structure are enhanced when
compared to the incomplete structure. The presence
of Ga atoms from the InGaAs contact layer below the
solgel cap is responsible for the increase in the degree
of intermixing from the complete laser structure.

It has been known that porosity and thermal ex-
pansion of the cap are two important parameters for
the dielectric layer in dielectric cap-induced disorder-
ing [33]. From the curves of (iii) and (iv), the solgel
caps exhibit an enhancement in the degree of inter-

Fig. 5. Oxygen-deficient defects commonly found in GeO2 and GeO2:SiO2 glasses. Defects (a) and (b) are known as NOMV and can be
identified by an absorption band �5.1 eV. Defect (c) consists of a divalent Ge, which is known to absorb 5.16 eV.

Fig. 6. (Color online) (a) Effect of Ge content (x) of the solgel cap on the PL peak wavelength shift of the QW partial laser structure. The
dashed line represents the amount of bandgap shift observed from the annealed bare samples as a control. The inset is the
InGaAs/InGaAsP multiple QWs used in the experiment. (b) PL spectra at annealing temperature of 630 °C from (i) e-beam evaporated SiO2

capped, (ii) bare, (iii) x 	 0.00, (iv) x � 0.16 capped QWs. The dashed curve represents the as-grown PI.
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mixing when compared to the EBSi film due to the
porous nature as observed earlier in our FTIR and
ellipsometry results [46]. Figure 7 summarizes the
relationship of porosity and the Ge content in the
solgel films with the annealing treatments. The in-
corporation of Ge into the films gives a reduction in
the porosity of films. This contradicts the intermixing
enhancement results in the x � 0.16 caps if the po-
rosity is the dominant effect in the solgel cap-induced
intermixing. We identify that there is a substantial
increase in the thermal expansion with the addition
of Ge into the films [7]. Compressive stress is known
to favor the transformation of vacancy defects into
antisites [33,47], hence the degree of intermixing is
reduced. Such compressive stress in the semiconduc-

tor QWs exists because of the large difference in the
coefficients of the semiconductor material ��10�6�
and the solgel glass ��10�7�. Considering the magni-
tude of change in the cap porosity and the thermal
expansion as a result of the increase in Ge content, an
estimate can be obtained from the above references to
be ��4.4% � 6.8%��6.8% � 100� � �35.3% (see Fig. 7)
and ��2.4 � 0.5��0.5 � 100� � 380% [7], respectively.
Although the relative effect of the above two param-
eters for the current material system is not known,
the change in the thermal expansion is likely to be
the dominating factor that enables the control of the
QWI via vacancy diffusion by the addition of Ge.

To further substantiate the vacancy outdiffusion
role in the QWI enhancement at various Ge content,
we carried out a similar intermixing process to the
GaAs�AlGaAs multiwidth QWs structure. The struc-
ture was chosen for two main reasons. First, the in-
termixing in this structure is solely governed by the
group III atomic interdiffusion from the effective Ga
vacancy injection. Second, the structure permits the
depth-resolved intermixing degree by measuring the
change in the individual PL peak after intermixing
[48]. We compare the GaAs�AlGaAs QW intermixing
with x 	 0.10 and x 	 0.40 at relatively low annealing
temperatures for GaAs-based QWI in Fig. 8. Note
that the typical QWI process temperature for the
GaAs�AlGaAs system is above 850 °C. At this an-
nealing condition, there is no effect on the thermal
shift under control samples. Figure 8(a) shows the
insignificant QWI effect in the x � 0.1 cap at RTA of
650 °C, which is similar to the previous case in the
InGaAsP QWs. In ths case of x � 0.4 cap, the QWI
effect is greatly pronounced, and the PL spectra has
been blueshifted for all four QWs. The signal corre-
sponding to the narrowest well, QWI, is not clearly
resolved after annealing, implying that the well has

Fig. 7. Porosity–Ge map demonstrating both the effect of anneal-
ing temperature and Ge content on the film porosity; dashed lines
represent a fit-by-eye guide for the data points at each annealing
temperature [47].

Fig. 8. (Color online) Photoluminescence at 77 K from (i) as-grown, (ii) control (annealed bare), and (iii) solgel capped samples: with (a)
x 	 0.1 and (b) x 	 0.40 to the intermixing in the GaAs�Al0.2Ga0.8As multiwidth QWs (QW1, 3 nm; QW2, 5 nm; QW3, 6 nm; and
QW4, 8 nm). The annealing was performed at 650 °C for 2 min.
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been totally intermixed or dissolved to the surround-
ing AlGaAs barrier. The result further validates the
role of efficient creation of beneficial vacancies via
stress relaxation in the Ge-added solgel that leads to
the pronounced degree of intermixing.

The activation energy and diffusion coefficient cor-
respond to the energy associated with the motion and
formation of defects during the dielectric cap anneal-
ing process. The annealing temperature-dependent
bandgap shift can be used to deduce the diffusion
coefficients (assumed to be independent of defect
concentration), DQW, and to extract the activation en-
ergy, EA [49]. Figure 9(a) summarizes the relation-
ship of annealing temperature and bandgap shift for
caps of x 	 0.00 and 0.16 from the InGaAs-InP QWs
using Ge-dopant. For completion, we also include the
experimental data of solgel cap-induced intermixing
on GaAs substrate by Lee et al. [50]. As shown in
Figure 9(b), the experimental data are linearly fitted
over 1000�T to the Arrhenius equation DQW � exp
��EA�kT�, where T and EA refer to the annealing tem-
perature and the activation energy, respectively. This
yields the extracted EA 	 1.7  0.5 eV for both cases,
which is significantly lower than the common InP-
based and GaAs-based QWI processes [51,52]. Nearly
identical EA intuitively implies that the discrepancy
in interdiffusion behavior between x � 0.16 and
x 	 0.00 is only attributed to the difference in the
number of beneficial vacancies that involve in the
QWI, which is in good agreement with the experi-
mental data of the GaAs�AlGaAs QW intermixing
earlier. This result further corroborates postulation
that the compressive stress reduces the effective va-
cancy responsible for intermixing enhancement in
the Ge-added film. Therefore the enhancement of
QWI by the increased doping of the Ge content can be
ascribed to the large magnitude of change in the ther-

mal expansion leading to the retention of vacancies
that drives QWI.

Understanding that stress, rather than porosity,
has a dominant affect in the QWI in the above
scheme, some inferences can be made about the se-
lection of the suitable process that takes advantage of
the QWI control using the GeO2:SiO2 solgel caps in
implementing spatial-selective QWI on semiconduc-
tor platforms. Pepin et al. [31] and Deenapanray et al.
[53] have shown that by depositing a Si3N4 layer atop
of a patterned or nonpatterned encapsulant SiO2
layer, QWI was univocally suppressed while a single
layer SiO2 typically enhances QWI. This unexpected
observation was attributed to the fact that the near-
surface stress distribution in the semiconductor was
drastically modified (i.e., reversed). Therefore the
QWI performance of spatial areas, which are under-
neath any multiple layer of varying GeO2:SiO2 solgel
films may deviate from the results found in the
present work. On the contrary, if the cap porosity was
the more dominant factor in the QWI process, then
the above stress-induced QWI deviation is unlikely to
occur. As a foresight, there are a number of low-cost
processes that are well suited to implement the above
QWI scheme. Such process as printing, which in-
volves the simultaneous deposition of multiple solu-
tions, may open up new opportunities for low-cost
photonic integration.

4. Conclusion

Optical constants have been modeled by the Sellmeier
dispersion for films with compositions of x � 0.400
over a broad spectral range of 210 to 1700 nm. The
RI-composition-wavelength 3D dataset enables self-
consistent prediction of values with two known pa-
rameter values. Further work is ongoing in an
attempt to parameterize the Sellmeier values with

Fig. 9. (Color online) (a) PL peak wavelength shift versus the annealing temperature of an InGaAs�InP QW laser structure. (b) Diffusion
coefficient of QW �DQW� deduced from the experimental data as a function of the inversed annealing temperature for doped and undoped
solgel caps in our present work (InP substrate) and Lee et al. [51] (GaAs substrate). A representative best linear fit is shown for both data
sets, whose slopes correspond to the activation energy.
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the composition of the germanosilicate films. Theo-
retically, pure GeO2 is a better candidate than ger-
manosilicate for the various applications in planar
lightwave circuits and direct writing. However, ger-
manosilicate �x � 0.600� or GeO2 is known to be
hygroscopic, and special chemical treatment is re-
quired for handling the solgel chemistry with a high
content of germanium precursors. Thus work involv-
ing germanosilicate of x � 0.40 is beyond the scope of
this article. Motivated by the possibility of the UV
imprinting of waveguide devices (with appreciable RI
contrast, �n) and the commercial attractiveness of
the solgel process, work has been done to improve the
quality (uniformity and spin-coating artifacts) of ger-
manosilicate films in the view of complex large-area
devices and large-scale integration. Results will be
reported elsewhere. Besides the low-cost aspects of
the solgel process, the unique and adjustable proper-
ties of solgel derived films of germanosilicate glass
(viz., porosity and thermal expansion) afford tunabil-
ity of the bandgap energy in QW structures via QWI
for III–V platforms (such as InGaAs(P)�InP) that
have inherently low thermal stability.

This work was funded in part by the Agency for
Science, Technology and Research (A*STAR) in Sin-
gapore under the Optical Networking Focused Inter-
ests Group (ONFIG) project. C. K. F. Ho and Rajni
acknowledge the Research Scholarship provided by
Nanyang Technological University.
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