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Abstract
We demonstrate bandgap tuning of InGaAsP multiple quantum well structures by utilizing an
impurity-free vacancy diffusion technique. Substantial modiﬁcation of the bandgap energy toward the
red and blue parts of the spectrum has been observed using SiO2/SiOyNx/SiNx capping layers and by
controlling the associated oxygen and nitrogen content. The resulting degree of tuning, up to 120 nm
red shift and 140 nm blue shift of the band-to-band wavelength emission, has been studied using
room-temperature photoluminescence, in agreement with the emission spectra obtained from
semiconductor optical ampliﬁer waveguide strips.
Selective area bandgap tuning of multiple quantum well structures (MQWs) has been an ongoing task in
optoelectronic device fabrication in the past few decades [1–17]. This matter is of particular importance in the
fabrication of high-performance laser diodes and photonic integrated circuits [18–22]. Among the variety of
available techniques a great deal of attention has been focused on induced disordering of MQWs by impurityfree vacancy diffusion (IFVD), due to its inherent spatial selectivity between adjacent regions and its ability to
conserve the electrical properties of the disordered and non-disordered sections alike. IFVD techniques,
however, rely on the application of a capping layer, usually SiO2/SiNx, which promotes the out-diffusion of Ga
from the top surface of the wafer into the dielectric ﬁlm, thus leaving vacancies in the group III sublattice during
a high-temperature rapid thermal annealing. While the relative simplicity of IFVD is an asset, the degree of
intermixing that can be achieved through this technique is signiﬁcantly susceptible to the ﬁlm properties, the
speciﬁc structure of MQW, the annealing conditions and even the duration of surface exposure to radiofrequency plasma during reactive ion etching [15, 17].
In the intermixing of InGaAsP MQWs, a SiO2 cap is usually employed to achieve considerable blue shift to
the bandgap transition wavelength of up to 100 nm [10, 11, 14], while a SiNx cap behaves as an inhibitor to the
intermixing process. On rare occasions, the MQW region covered by the SiNx cap undergoes a very slight
bandgap change after the rapid thermal annealing [10, 11, 14]. In this work we demonstrate a signiﬁcant range in
the degree of bandgap modiﬁcation (up to 140 nm in wavelength shift towards the blue wavelengths and 120 nm
towards the red) by manipulating the chemical compositions of the SiOyNx and SiNx ﬁlms. These bandgap
tunings have been determined by measuring the room-temperature photoluminescence spectra of the
disordered MQW samples. The reduction in the bandgap energy is also corroborated by measuring the emission
spectra of several semiconductor optical ampliﬁer (SOA) waveguide strips, fabricated on the MQW wafer that
was covered by SiNx during the rapid thermal annealing.
In this study we have examined two different MQW wafers (A and B). Both structures involve six InGaAsP
quantum wells grown by metal organic chemical vapor deposition (MOCVD) at a commercial semiconductor
foundry. Each p–i–n structure is grown epitaxially on a Si-doped InP substrate with a 70 nm thick undoped InP
buffer at the p–i interface. The active region of wafer A consists of six undoped InGaAsP (λg=1.56 μm)
quantum wells each 10 nm thick sandwiched between ﬁve undoped layers of 15 nm thick InGaAsP
(λg=1.13 μm) barriers while that of wafer B consists of six undoped InGaAsP (λg=1.59 μm) quantum wells
each 8 nm thick sandwiched between ﬁve undoped layers of 15 nm thick InGaAsP (λg=1.13 μm) barriers,
where λg is the bandgap wavelength. A schematic cross-sectional view of the wafer design is shown in ﬁgure 1.
© 2015 IOP Publishing Ltd
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Figure 1. Schematic cross-sectional view of MQW design A grown by MOCVD.

The samples used in this study were ultrasonically cleaned with acetone to remove debris and organic residue
from the top layer, followed by rinsing with isopropyl alcohol and deionized water. The samples were then
immersed in buffered oxide etch to remove any native oxide from the surface. In order to study the dependence
of bandgap tuning of the MQWs on the different dielectric capping layers, a number of samples are prepared
with a variety of SiO2, SiNx and SiOyNx ﬁlms grown by plasma-enhanced chemical vapor deposition (PECVD).
After each individual sample was coated with a ﬁlm of SiNx or SiOyNx, the ﬁlm was removed from half of the
surface using a photoresist mask and reactive ion etching. After removal of the photoresist, a ﬁnal layer of SiO2 is
grown by PECVD to cover everything. Consequently all the samples contain two sections: an area that is covered
by a single layer of SiO2 and the remaining area that is covered with either SiNx or SiOyNx followed by an
overlayer of SiO2. The latter is expected to inhibit intermixing. To formulate SiOyNx ﬁlms with various
compositions, the ratio of N2O to NH3 used in the PECVD process is varied from ﬁve to one in small steps.
Evidently a higher ratio of N2O/NH3 results in a SiOyNx ﬁlm with a larger oxygen content and hence the ﬁlm has
a lower refractive index. On the other hand, the SiNx ﬁlm is grown in the absence of any N2O gas, and the
composition is controlled by varying the ratio of SiH4 to NH3 during the PECVD process. In this case, higher
SiH4 to NH3 ratios lead to Si-rich ﬁlms that have higher refractive indices. Therefore the refractive index of the
ﬁlm was used as a measure of the composition of SiNx or SiOyNx. Our PECVD machine utilizes a 2% silane gas
(SiH4) pre-diluted with nitrogen gas and the SiNx ﬁlms are usually under high tensile stress. By adding N2 and He
to the growth recipes, the tensile or compressive behavior of the SiNx ﬁlms can be controlled. However, it was
found that there was always some residual stress in the ﬁlms, and the only effective way to prevent ﬁlm cracking
during high-temperature anneals was to limit the thickness of the SiNx/SiOyNx ﬁlms to less than 50 nm. In this
study, the thickness of the SiNx/SiOyNx ﬁlms was kept at 30 nm as a good compromise between repeatability and
ﬁlm robustness to high-temperature anneals. On the other hand, the thickness of the SiO2 ﬁlm that is expected
to promote the intermixing is kept at 200 nm for all the samples. Each sample was treated individually in a rapid
thermal annealer (RTA) for 30 s at 800 °C. During the RTA process, the MQW samples were sandwiched
between two GaAs wafers to maintain an As overpressure and minimize the outgassing of As from the samples.
Figure 2 outlines the characteristic changes of the photoluminescence (PL) spectra measured at room
temperature for the samples of MQW wafer A that were covered with different ﬁlm compositions and annealed
at 800 °C for 30 s. The absolute values of the shift in PL peak from that of the as-grown sample are plotted in
ﬁgure 2 as a function of the refractive index of the covering ﬁlm. The down-pointing and up-pointing triangles
correspond to samples covered with SiOyNx and SiNx respectively. Overall, the shift of the PL peak that was
obtained using the different ﬁlm compositions is in the range from –140 nm to +120 nm. The results shown in
ﬁgure 2 indicate that the SiOyNx ﬁlms that were grown using PECVD processes containing N2O in the gas
mixture tend to result in blue shifts of the PL peak, similar to SiO2 ﬁlms, but to varying degrees depending on the
ratio of the NH3 to N2O mixture. Larger ratios of NH3/N2O produce SiOyNx ﬁlms that contain larger x/y ratios
with correspondingly higher refractive indices, and tend to shift the PL to a longer wavelength. In the absence of
N2O during the PECVD process, the SiNx ﬁlms lead to red-shifting of the PL peak. However, it was observed that
2
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Figure 2. Absolute value of the PL shift measured from RTA treated samples capped with different dielectric ﬁlms, with respect to the
refractive index of the ﬁlm. The blue shift associated with SiON ﬁlms for different ratios of NH3/N2O, while the red shift refers Si-rich
compositions. The inset shows the absolute PL spectrum for selected data points.

Table 1. Recipes for SiN/SiOyNx ﬁlm composition ordered by their refractive index.

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Power

Temp.

SiH4

NH3

N2 O

N2

He

Refractive

(W)

(°C)

(sccm)

(sccm)

(sccm)

(sccm)

(sccm)

index

150
100
100
150
150
100
150
150
100
150
150
150
150
150

300
250
250
300
300
250
300
300
250
300
300
300
300
300

200
200
200
180
180
180
180
200
240
180
180
200
220
200

4
10
10
3.5
3.5
4.2
4
4
4
4.2
3.75
4
4
3.5

20
35
29
10
5
0
0
4
0
0
0
0
0
0

800
600
600
800
800
200
0
800
200
200
200
800
200
800

0
0
0
0
0
219
450
0
219
219
219
0
219
0

1.55
1.573
1.594
1.621
1.839
1.884
1.951
1.959
1.967
2.034
2.106
2.134
2.175
2.2

the degree of the PL peak shift could be controlled by the ratio of SiH4 to NH3 gases during the PECVD growth of
the capping ﬁlm. A larger ratio of SiH4/NH3 leads to a ﬁlm of higher refractive index, which is consistent with a
Si-rich ﬁlm that results in a MQW disordering with more bandgap narrowing. The SiO2-covered sections of all
these samples exhibited a blue shift of 140 nm in the PL peak. Table 1 shows a summary of the pertinent
parameters that were employed in the PECVD growth of the SiOyNx/SiNx ﬁlms.
Noting the compelling nature of this new observation of signiﬁcant bandgap narrowing caused by selective
area intermixing of InGaAsP MQWs, we decided to verify this technique of bandgap tuning using SiNx ﬁlms of
varying Si compositions on the MQW wafer B. To reduce any other unintended inﬂuences, in the growth of the
SiNx ﬁlms the SiH4, He and N2 mass ﬂow rates as well as the plasma rf power and the substrate temperature were
all kept constant while changing the NH3 ﬂow for all different recipes. Figure 3 shows the photoluminescence
spectrum shift of the MQW structure toward red for dielectric capping ﬁlms with varying Si concentrations,
treated with RTA. The results clearly show a red shifting of the PL peak emission for Si-rich compositions of SiNx
with the largest shift occurring when the ratio of SiH4 to NH3 is highest during the PECVD process.
In order to eliminate the possibility of the red-shifted PL spectra being caused by an unintended embedded
layer in the semiconductor wafer, the cladding coating of the wafer shown in ﬁgure 1 has been removed layer by
layer and the photoluminescence spectrum of the wafer measured separately each time. As a result no change
was revealed in the PL spectrum of a red-shifted sample. To investigate this issue further, the
3
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Figure 3. Absolute value of the PL shift with respect to the refractive index of SiNx capping ﬁlms.

Figure 4. The electroluminescence and photoluminescence response of a red-shifted sample and a blue-shifted sample. The solid line
indicates the PL while the dashed line represents the EL spectrum.

electroluminescence spectrum of both red- and blue-shifted samples was obtained (ﬁgure 4). This measurement
was performed utilizing a semiconductor optical ampliﬁer (SOA) fabricated on a waveguide strip.
In conclusion, we have presented a thorough study of broad bandgap tuning for InGaAs(P)/InP-based
multistructure quantum wells, up to 140 nm toward the blue and 120 nm toward the red parts of the spectrum,
employing SiOyNx/SiNx PECVD-grown ﬁlms. We examined new techniques to achieve absolute red shifts of the
bandgap with selectivity over a broad spectrum. This process is controlled by the Si concentration in the ﬁlm
compositions. These results could potentially be useful in the fabrication of high-performance laser diodes and
photonic integrated circuits.
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