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Post-growth treatment with a low pressure, CF4-plasma is demonstrated to reliably inhibit the interdiffusion
of In and Ga atoms in In0.15Ga0.85As/GaAs self-assembled quantum dot wafer structures subjected to rapid
thermal annealing temperatures between 700 °C and 800 °C for a duration of 20 s. Comparative studies of the
effects of rapid thermal annealing were made on plasma treated samples and samples that were capped with
either 200 nm of plasma enhanced chemical vapor deposited SiO2 or 220 nm of thermally deposited TiO2 prior
to plasma exposure, as well as to uncapped, untreated control samples. Room-temperature photolumines-
cence spectra were acquired using a Ti-Sapphire laser operating at 742 nm as the excitation source. A bandgap
differential of 84 meV (94 nm) was measured across a wafer sample annealed at 775 °C, when contrasting
sections that were uncapped and treated with the CF4-plasma versus sections that were annealed without any
treatment to the surface. This was comparable to a sample that was capped with the TiO2 film, which
produced a 73.5 meV (82 nm) variance from the raw, annealed-only sample.
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1. Introduction

The integration of multiple functionalities into a single monolithic
structure is an important step in the development of complex
optoelectronic devices and sub-systems. In order to provide for the
differing bandgap requirements of each subcomponent, selective-area
tuning of the semiconductor active region is often used. Alterations to
the bandgap can be accomplished during epitaxial growth, either
through selective-area epitaxial growth [1–3] or growth-etch-
regrowth [4] techniques. These approaches can produce large
bandgap differences with a high degree of spatial resolution over
the semiconductor surface, however the former case requires precise
placement of pre-growth masking layers and accurately tailored
growth conditions, while the need for multiple epitaxial growth steps
is time consuming and expensive in the latter. Accordingly, extensive
study has been made of post-growth intermixing techniques,
particularly in quantum well (QW) and multiple quantum wells
(MQW). These techniques include photo-absorption induced dis-
ordering (PAID) [5–7], impurity induced disordering (IID) [6,8], and
impurity free vacancy disordering (IFVD) [9–12], among others. Each
of these methods has its importance in optoelectronic device
fabrication, with advantages that depend on the precise application
requirements. IFVD, in particular, has received a great deal of
attention in the literature, due to its relative simplicity, good spatial
resolution between regions of different bandgap energies [11,12], and
its tendency to conserved the electrical properties of the disordered
QW [13].

Many IFVD techniques employ a dielectric capping layer (e.g. SiO2)
to enhance intermixing in III–V QWs during high temperature rapid
thermal annealing. At these elevated temperatures, gallium (Ga) from
the wafer surface (e.g. GaAs, InGaAs, etc) crosses the dielectric-
semiconductor boundary, and out-diffuses into the dielectric, creating
vacancies in the group III sublattice. Diffusion of these vacancies into
the active region promotes the flow of constituent atoms between the
well layer and the barriers, with the constituent elements moving
from regions of high concentration to low. As the previously sharp
concentration gradient between well and barrier blurs, the optical
bandgap typically widens and the QW emission properties shift to
shorter wavelengths. Thermal intermixing (i.e. without a capping
layer) also yields a shift of the bandgap energies to shorter wave-
lengths, and functions primarily through innate defects (vacancies
and interstitials) which formed during the molecular beam epitaxy or
metal-organic chemical vapor deposition growth processes [14,15].
Since few such vacancies are generally present in QW, and are fixed in
number, the shift in the peak bandgap energy is much smaller than
would be expected with IFVD for a given annealing temperature and
process duration. The success of IFVD as a post-growth technique for
selective bandgap tuning in QW and MQW materials depends on the
tsf.2010.10.023
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Table 1
Process parameters for the CF4-based RIE plasma etch.

CF4-based RIE process

CF4 flow 45 sccm
Residual pressure 75 mT
RF power 175 W
DC bias 343 V
SiO2 etch rate 32 nm/min
TiO2 etch rate 8 nm/min
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exploitation of this difference between the capped and uncapped
regions.

In contrast, post-growth bandgap manipulation of self-assembled
quantum dot (SAQD) materials has proven significantly more
challenging. SAQD possess a much larger density of unintentional
background vacancies due to low temperature growth, a large surface
area to volume ratio, and large variances in the concentration of
constituent elements, as well as a high level of strain inherent in the
growth process. During thermal intermixing, these factors lead to
large shifts in the bandgap energy of raw, annealed-only quantum dot
samples. Consequently, the advantages gained from vacancy forma-
tion at the GaAs–SiO2 (or InGaAs–SiO2) interface during IFVD [16] are
limited, and the relatively small difference in the bandgap energy
between capped and uncapped samples is generally insufficient for
many applications. Still, techniques such as capping with highly
strained Si3N4 [17,18], SrF2 [19], and electron beam evaporated TiO2

[16,20,21] exist and have been reported to inhibit the movement of
vacancies, thereby reducing the degree of intermixing compared to
uncapped samples. The most prominent of these methods is work on
the implementation of TiO2 capping layers to suppress disordering.
This technique was used to produce, in a single annealing step, three
distinct bandgaps in an In0.5Ga0.5As/GaAs quantum dot wafer sample
where one section was capped with a SiO2 film, a second was capped
with a SiO2/TiO2 bilayer, and the final section was left uncapped [20].

Other attempts to control interdiffusion in both QW and SAQD
have looked toward plasma treatments to influence the degree of
defect generation in III–V materials. The study of plasma-induced
intermixing (PII) covers the use of various plasmas, generated in
inductively coupled plasma reactors or in reactive ion etching (RIE)
chambers, to create a near-surface layer of point defects in the target
structure. This is followed by an annealing step which allows the
defects to diffuse down to the QW region where they promote inter-
mixing [22,23], producing a blue-shift in the bandgap energies. While
this can be viewed as an extension of ion implantation, where high
energy ions (keV or MeV) are used to create defect sites deep inside
the upper cladding [24,25], the ion energies in PII are significantly
lower (~100 eV or less) and cause much less damage to the crystal
structure. However, PII, like IID, and ion implantation are used to
enhance thermal interdiffusion, as opposed to suppressing it. In a
modification of the IFVD technique, SiO2 capping films were exposed
to oxygen plasma prior to annealing in order to alter the solubility of
the layer to gallium out-diffusion. When compared to samples coated
in untreated SiO2, the samples with the treated capping layer were
shown to suppress vacancy generation (IFVD), but not necessarily
thermal intermixing [26]. Interestingly, a number of works have
looked at the passivation of semiconductor defect sites (including
vacancies) through the use of molecular gasses. This includes the
passivation of dangling bonds in amorphous silicon with molecular
hydrogen [27], and discussions concerning hydrogen passivation of
gallium vacancies in wurtzite GaN [28] and zinc-blende GaN [29].
Similarly, fluorine has been used to passivate vacancies in amorphous
silicon carbide [30], with vacancy passivation persisting despite
annealing up to 800 °K. Moreover, studies regarding the effects of
fluorine containing plasmas on native defects have been carried out in
GaAs/AlGaAs materials [31]. We now investigate whether low energy
plasma can be used to passivate the innate vacancies in III–V SAQD
and thereby permit the suppression of interdiffusion during high
temperature annealing.

In this work we offer another option for the suppression of
interdiffusion in SAQD wafer structures during post-growth rapid
thermal annealing. When treated with a low pressure, CF4-plasma
prior to thermal annealing, quantum dot wafer samples are found to
experience a significantly reduced shift in the peak value of the room-
temperature photoluminescence. Minimal exposure to the ionized
gas (1 min) is sufficient to partially or fully halt the bandgap shift in
the treated regions, providing for efficient selective-area bandgap
Please cite this article as: N. Bickel, P. LiKamWa, Thin Solid Films (2010
tuning in the samples studied. As part of this investigation, In0.15-

Ga0.85As/GaAs SAQD samples exposed to CF4-plasma prior to high
temperature annealing are compared with samples coated through
plasma enhanced chemical vapor deposition (PECVD) with SiO2

capping layers, with samples coated with thermally deposited TiO2,
and with uncapped, untreated samples (raw annealed) that act as
controls. Differential bandgap shifts as high as 84 meV (94 nm) were
measured across the wafer surface for samples where half the surface
was treated with the CF4-plasma and half was annealed as-is. This
contrasted well with the thermally deposited TiO2 film, which
resulted in a 73.5 meV (82 nm) energy difference from the raw
annealed sample.

2. Experimental details

The In0.15Ga0.85As/GaAs self-assembled quantum dot wafer
employed in this work was a p-i-n structure manufactured using
molecular beam epitaxy on an n+ GaAs (3×1018 cm−3) substrate by
NL Nanosemiconductor (now Innolume). The epitaxial structure
consists of a 500 nm thick GaAs buffer layer, followed by a 15 nm
transition zone and then a 1.5 μm Al0.35Ga0.65As lower cladding layer.
Ten layers of In0.15Ga0.85As/GaAs quantum dots spaced between
eleven GaAs barrier layers, each 33 nm thick, formed the active region
which was nominally undoped. The upper cladding was 1.5 μm of
Al0.35Ga0.65As and was followed by another 15 nm transition zone.
This was capped by a 200 nmGaAs contact layer. The contact layer has
a doping concentration of 1×1020 cm−3 and the concentration in the
Al0.35Ga0.65As cladding layers is approximately 1×1018 cm−3. The
doping element for both the upper cladding and the contact layer was
carbon, while the lower cladding and the GaAs buffer layer were
doped with silicon. Measured at room temperature, the peak of the
photoluminescence was at 1267 nm.

The SAQD samples used in this study were initially prepared by
cleaning in acetone using an ultrasonic bath to remove debris and
organic residue, and then soaked in a buffered oxide etchant solution
to remove any native oxide. Several samples were coated with
200 nm of SiO2 grown at 250 °C in a PlasmaTherm 790 Series PECVD
system. Other samples were coated with 220 nm of thermally
deposited TiO2 in an Edwards FL 400 thermal evaporator. The
remaining samples were uncapped and either exposed to the CF4-
plasma or else left untreated. Each uncapped sample treated with the
plasma process was exposed for 2 min unless otherwise stated and
the exposure was carried out in a PlasmaTherm 790 Series parallel
plate reactive ion etching (RIE) reaction chamber with the samples
kept at room temperature. The plasma process parameters are given
in Table 1. In order to better replicate the conditions that would exist
during device fabrication, each capped sample had one-half of the
dielectric capping layer removed using the same CF4 RIE process
parameters outlined in Table 1. For the SiO2 layer, the etch rate was
32 nm/min, and therefore an etch time of 6.25 min is required to
remove it completely. However, the total processing time was 8.5 min
to allow for an approximately 2 min exposure of the wafer surface,
similar to the uncapped, treated samples. The TiO2 layer had an etch
rate of 8 nm/min, and sampleswere etched for 30 min to clear the film
and provide the same 2 min exposure.
), doi:10.1016/j.tsf.2010.10.023
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Annealing of the SAQD samples was performed inside a Heatpulse
210 AG Associates rapid thermal annealing furnace (RTA) operating
under an N2 flow. In order to minimize process related variations, the
different samples were annealed together for identical temperature
values. Each sample set was loaded into the RTA, and the chamber
purged with N2 for 30 min to remove any oxygen that might react
with the material surface. The annealing time at the target
temperatures was, for all cases, 20 s with a rise time of approximately
7 s. Samples were annealed at 700 °C, 725 °C, 750 °C, 775 °C and
800 °C. To mitigate the outgassing of arsenic during the annealing
process, each sample was placed, with the epitaxial layer facing down,
between two pieces of freshly cleaned GaAs mechanical wafer. This
arrangement provides an arsenic overpressure that limits the outflow
of arsenic from the sample, minimizing surface damage.

Photoluminescence data was acquired at room temperature
(300 °K) using a SEO Titan CWBB Ti-Sapphire laser operating at
742 nm as the excitation source. The Ti-Sapphire laser was pumped by
a Coherent Innova 90 Argon-Ion laser operating at 514 nm. Light from
the Ti-Sapphire laser was coupled into a single-mode optical fiber,
passed into a power combiner (port 1), and then out (port 2) to a
single-mode optical fiber which was cleaved at the output end. The
cleaved end was used to deliver the excitation light to the surface of
the SAQD sample, which was mounted on an xyz-stage to control
positioning. Photoluminescence emitted from the quantum dot layers
was collected with the same cleaved fiber and sent back to the power
combiner (now power splitter). The portion of the emission passing to
port 3 on the power combiner was then captured on an Agilent
86146B Optical Spectrum Analyzer.

3. Results and discussion

The photoluminescence spectra for three samples annealed at
775 °C for 20 s are shown in Fig. 1. These consist of the two capped
samples, coated with SiO2 and TiO2 respectively, as well as an
uncapped sample. One half of the uncapped sample was exposed to
the CF4-plasma for 2 min, while the other half was protected from the
plasma, preserving the raw, untreated condition as a control. For
reference, the spectrum from an as-grown sample was also recorded.
The photoluminescence peak of the sample annealed with a coating of
200 nm of SiO2 is blue-shifted from the as-grown by 120 meV
(140 nm). An almost identical shift is shown for the raw annealed
sample (114 meV), suggesting that too few vacancies were created at
the SiO2–GaAs boundary to significantly influence the disordering.
Further shifting might be attainable if the PECVD SiO2 film were
Fig. 1. Room-temperature photoluminescence spectra for self-assembled quantum dots
annealed at 775 °C for 20 s with capped (SiO2 and TiO2) and uncapped (CF4 treated and
raw annealed) samples.
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redesigned with a higher porosity level through adjustments in the
growth temperature or the silane content of the gas mix [17]. Higher
porosity would increase the solubility of the film to Ga, thereby
enhancing vacancy creation at the SiO2–GaAs boundary.

A clear reduction in the bandgap shift was observed for the sample
with 220 nm of thermally deposited TiO2. The spectrum peak only
moved 41 meV (51 nm) from the as-grown peak, or about one-third
of the spectral shift experienced by the raw annealed sample. Vacancy
motion within the sample is suppressed by the presence of the
TiO2 film, which has a larger thermal expansion coefficient (8.2×
10−6 °C−1) than GaAs (6.0×10−6 °C−1), and as a result, induces
tensile stress in the wafer surface during thermal annealing. The
tensile stress has been determined to promote the formation of
vacancy agglomerations as opposed to freely moving vacancies
[32,33]. By locking up the vacancies near the wafer surface, the film
dramatically reduces the degree of intermixing that can occur. This
is in opposition to SiO2, which has a much smaller thermal
expansion coefficient (0.5×10−6 °C−1) than GaAs, leading to a
compressive stress in the GaAs surface when thermally annealed.
This is believed to contribute to the interdiffusion process by
helping force group III vacancies deeper into the sample [32]. It
should be noted that the degree of interdiffusion suppression
shown in Fig. 1 is surprising given the total thickness of the upper
cladding and contact layers (1.715 μm). Most reports on this
approach utilize epitaxial structures with very thin GaAs capping
layers (≤200 nm) [20,21] or thin contact and upper cladding layers
(≤500 nm) [34]. The results presented in this work suggest that
either the thermally induced strain field reaches deep into the
upper cladding or that the majority of native defects are located
near the wafer surface.

The sample treated with the 2 min, CF4-plasma process and then
annealed at 775 °C, compares favorably with the TiO2 capped sample,
suppressing the interdiffusion with respect to the raw annealed case,
and allowing a blue-shift of only 31 meV (39 nm). The effectiveness of
the plasma treatment is confirmed in Fig. 2(a), which shows the shift
in photon energy from the as-grown wafer for all four intermixing
states, over a temperature range of 700 °C to 800 °C. A slight
advantage is maintained by the plasma treated samples against
those with thermally deposited TiO2 for all temperature values
studied. Photoluminescencemeasurements were also acquired for the
(b)

Fig. 2. Energy shifts for (a) capped (SiO2 and TiO2) and uncapped (CF4 treated and raw
annealed) samples, and (b) capping removed with CF4-plasma etch prior to annealing.
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portions of the capped samples where the dielectric film was
completely removed with the CF4-plasma process (Table 1) prior to
the high temperature annealing (Fig. 2(b)). This was done in order to
simulate the more realistic scenario of using dry-etching to remove
dielectric films, including a deliberate 2 min of overetching, as might
occur during device fabrication. In each case, the results tracked well
with the uncapped, plasma treated samples.

Additional tests were carried out to better understand the
limitations of the plasma treatment and its applicability to device
fabrication. In one such test, several SAQD samples were treated with
the CF4-plasma for differing amounts of time. The treatment times
were 1, 2, 5, and 15 min, after which the samples were annealed at
775 °C for 20 s. Photoluminescence measurements showed that there
was no change in the degree of suppression, indicating that the full
suppressive effect can be achieved in 1 min or less. For the next test
series, the RF power used to create the plasma was varied from 25 W
to 175 W in intervals of 50 W. No other parameters were altered.
Beyond determining if altering the RF power will allow the degree of
suppression to be tuned, a lower RF power should correlate to a
smaller degree of damage to the wafer surface. For the recipe given in
Table 1 (175 W), the ablation rate for GaAs was determined to be
approximately 5 nm/min. When the RF power is changed to 75 W,
this is reduced to b1 nm/min. All of the samples were annealed at
775 °C for 20 s. Fig. 3 shows that the suppression effect is unchanged
down to 75 W RF power, but that at 25 W RF power, the
photoluminescence emission peak shifts abruptly to almost the
same value as the raw annealed sample. It is therefore inferred that
the suppression of intermixing requires a plasma process with a
critical RF power of 75 W to be effective. These results suggest that the
suppression effect may be dependent on the ion energy. RF power is,
however, only one parameter which influences the ion energy, with a
more accurate understanding being given by the DC bias voltage. Thus
the DC bias voltage values associated with each variation in RF power
are 343 V (175 W), 280 V (125 W), 201 V (75 W) and 86 V (25 W).

To quantify the spatial resolution of the process, the uncapped
samples from the test series shown in Fig. 1 were mounted on the
photoluminescence test setup. The sample was scanned past the
optical fiber in 1 μm increments using the xyz-stage, with the
boundary between the plasma treated and raw annealed sections
perpendicular to the direction of travel. For each 1 μm change in the
sample position, the photoluminescence spectrum was acquired. The
spectrum remained unchanged until the boundarywas reached, when
over the course of two 1 μm steps, the whole spectrum abruptly
shifted from the plasma treated state to the raw annealed state. In the
middle of that 2 μm range, the spectrumwas a combination of the raw
Fig. 3. Room-temperature photoluminescence spectra for uncoated, plasma treated
self-assembled quantum dots with varying RF power.
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annealed and plasma treated spectra. This held true for all annealing
temperatures, suggesting that the spatial resolution of the intermix-
ing process using the plasma treatment is comparable to that reported
for IFVD [9,12,35]. This technique is readily applicable to a variety of
device formats where selective-area control of the SAQD bandgap
energy is required.

The amount of suppression afforded by exposure to CF4-plasma is
in part dependent on the annealing temperature. The duration of the
exposure and the amount of RF power applied during the exposure
appear to be much less important, though the exact extent in each
case still needs to be determined. Initially it was hypothesized that the
suppression of the bandgap energy shift was due to fluorine ions
permeating the sample and acting to neutralize vacancies within the
layer structure, possibly including those which form very close to the
dot region due to the low temperature growth. It has been suggested
in the literature that fluorine can passivate the dangling bonds on
vacancies in amorphous silicon carbide [30], much as hydrogen has
been shown to passivate vacancies in amorphous silicon [27] and GaN
[28,29]. In order to confirm this idea, two additional plasma recipes
were created. These recipes have the same parameters as the CF4-
plasma process given in Table 1, except that the CF4 gas is replaced
with N2 and O2 respectively. The DC bias voltage values associated
with each plasma process are 343 V (CF4), 344 V (N2), and 365 V (O2).
Uncapped samples were prepared, with one half of each sample
exposed to a particular plasma recipe for 2 min and the other half
protected from the plasma, preserving the raw untreated condition.
The samples were annealed in the RTA at 775 °C for 20 s. The
photoluminescence spectrum for each sample type was captured and
is plotted in Fig. 4. It clearly shows that the suppressive nature of the
plasma is essentially independent of the gas used in creating the
plasma. The spectra from the CF4-plasma treated sample and the N2-
plasma treated sample overlap, with no difference in peak position.
Interestingly, the O2-plasma treated sample shows a slight 13 meV
(15 nm) blue-shift compared to the other two plasma processes,
however the reason for this difference is unclear and requires further
investigation. In any case, these results negate the idea that fluorine
ions are the passivating agent. Similar results were seen for the QW
photoluminescence intensity enhancement studies conducted by T. S.
Shamirzaev et al., though noble gasses were used for comparison in
that case [31]. This suggests that there may be a connection between
the QW intensity enhancement seen after CF4-plasma etching and the
QD interdiffusion suppression in this work. Based on that, we consider
that the plasma treatment acts to create highlymobile point defects in
the near-surface region of the SAQD contact and upper cladding
layers. These defects diffuse away from the surface and move deeper
Fig. 4. Room-temperature photoluminescence spectra for uncoated, plasma treated
self-assembled quantum dots with differing gas sources.
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into the wafer where they form non-mobile complexes, or agglom-
erations, with ingrown defects [36]. While there is evidence that these
defect complexes disassociate after low temperature (~400 °C / 30 s)
rapid thermal annealing [36], we suspect that the complexes persist
long enough to minimize vacancy induced disordering during the
short duration high temperature annealing process used in this study.

While our current hypothesis embraces a singular explanation for
the suppression of vacancy disordering in the In0.15Ga0.85As/GaAs QD
wafer structures, it would be remiss to forgo mentioning a few
additional points given the potential complexity of the RF plasma–
surface interactions. For instance, the difference in the peak photo-
luminescence shifts observed for the O2-plasma treated sample and
those samples treated with either N2-plasma or CF4-plasma may be
due to chemical interactions between the oxygen ions in the plasma
and free Ga atoms on the wafer surface. Oxide formation might
account for the variance, possibly by acting as a protective layer on the
surface which limits the degree of suppression induced by the plasma,
or by providing a source of vacancies to enhance the intermixing
during high temperature annealing, though Ga2O3 has been shown to
suppress intermixing in quantum wells [37,38]. It seems improbable
that each of the three processes (CF4, O2, and N2) would lead to a
separate means of suppressing vacancy disordering, however, it is not
unreasonable for a principal (suppression) effect to be modulated
by other chemical/physical interactions induced by the different
plasmas.

4. Conclusion

Post-growth treatment with a low pressure, CF4-plasma is
demonstrated to selectively suppress thermal interdiffusion in In0.15-

Ga0.85As/GaAs self-assembled quantum dot wafer structures. Under
typical annealing temperatures (700 °C–800 °C), exposure times no
greater than 1 min were required to partially or completely suppress
thermal intermixing in deeply buried In0.15Ga0.85As/GaAs quantum
dots. The plasma treatment was compared to samples capped with
220 nm of thermally deposited TiO2, as well as samples that were raw,
annealed-only. From the acquired photoluminescence spectra, a
bandgap differential of 84 meV (94 nm) was observed between
wafer sections that were uncapped and treated with the CF4-plasma
versus sections that were raw, annealed-only, when annealed at
775 °C for 20 s. This is comparable to samples capped with 220 nm of
TiO2, which produced a 73.5 meV (82 nm) variance from the raw,
annealed-only sample. Furthermore the suppression effect appears to
be essentially independent of the type of gas used to create the
plasma.
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