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ABSTRACT

For the development of photonic integrated circuits, it is mandatory to implement light sources on a Si-on-insulator (SOI) platform. However,
point defects in the Si matrix and, e.g, at the Si/SiO, interface act as nonradiative recombination channels, drastically limiting the performance of
Si-based light emitters. In this Letter, we study how these defects can be healed by applying an advanced hydrogenation process, recently developed
in photovoltaic research for the passivation of performance-limiting defects in Si solar cells. Upon hydrogenation, we observe an increase in the
room temperature photoluminescence (PL) yield by a factor of more than three for defect-enhanced quantum dots (DEQDs) grown on float-zone
Si substrates, revealing the potential of this technique to passivate detrimental defects. For DEQDs grown using SOI substrates, the PL yield
enhancement even exceeds a factor of four, which we attribute to the additional passivation of defects originating from the substrate. The results
for SOI substrates are of particular interest due to their relevance for future photonic integrated circuits.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0036039
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The passivation of dangling bonds (DBs) in Si and at the Si/SiO,
interface with hydrogen is crucial for the performance of optoelec-
tronic devices, where DBs act as nonradiative recombination centers
that limit the charge carrier lifetimes.' * Over the last couple of years,
the photovoltaic industry has triggered substantial research efforts
toward the passivation of defects like the boron-oxide (B-O) complex,
rare earth impurities, and DB defects. In this context, recently devel-
oped hydrogenation processes proved to be highly effective for the
passivation of these detrimental defects which enabled the use of more
cost-effective multi-crystalline Si substrates for solar cells.” *

Similarly, full control over detrimental defects’ will turn out to be
crucial for future Si-based optoelectronics to reach its maximum
potential.'”"" This is also true for a recently discovered light-emitting
system, the so-called defect-enhanced quantum dot (DEQD). Present
knowledge indicates that by in situ implantation of Ge ions during
growth, beneficial self-interstitial defects are created within the Ge
QDs.'” ' Their enhanced room temperature (RT) light emission sug-
gests that strong modifications of the electronic states are caused by
these self-interstitial defects.”'” Electrons that are excited in the Si-
matrix can tunnel to the defect-induced states and recombine with

holes that are confined in the QD by the large band offsets between Ge
and Si. Defect-enhanced quantum dots have already been used as gain
material in optically pumped lasers'”'* and also in light-emitting
diodes up to RT and beyond."®

However, for the use of DEQDs in photonic integrated circuits
(PICs), it is essential to transfer the DEQD growth-concept from a
bulk Si to a Si-on-insulator (SOI) platform. Although SOI substrates
are advantageous for the fabrication of active or passive photonic com-
ponents for PICs,'” the growth on SOI gives rise to several challenges.
The much lower thermal conductivity of the thick buried oxide (BOX)
layer compared to float-zone-Si (FZ-Si) bulk could reduce the available
thermal budget for annealing processes. Due to the SOI fabrication
procedure,'® additional defects can occur, e.g., between the Si device
layer and the BOX layer which are detrimental for charge carrier life-
times and radiative recombinations.'”*’

In this Letter, we demonstrate that an advanced hydrogenation
process (AHP),” **"** developed for the silicon photovoltaic industry,
can also be applied on DEQDs without further adaptation to passivate
lifetime-killing defects in the Si matrix that ultimately limit the photo-
luminescence (PL) yield. Thereby, the AHP process does not
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negatively affect the self-interstitials within the Ge QDs required for
efficient light emission. Thus, while the spectral shape of DEQD emis-
sion remains unaffected, the passivation leads to significant PL
enhancement by a factor of more than three.

DEQDs were grown on high-resistivity (>1000 Q cm) FZ-Si(001)
substrates using a Riber Siva 45 solid-source molecular beam epitaxy
chamber. After RCA cleaning of the sample,” the native Si oxide was
removed using a dip in diluted (1%) hydrofluoric acid (HF) right before
the samples were introduced into the load-lock chamber. The cleaning
procedure is concluded by an in situ degassing step at 720 °C for 30 min.
50nm thick Si buffer layers were grown at growth temperatures T
ramped from 550°C to 500 °C with a rate of 0.95 A s~!. Subsequently,
Ge with a nominal thickness of 0g. = 8.4A was deposited at
T =500°C. Ge QDs nucleate via the Stranski-Krastanow growth
mode,” where a Ge-rich two-dimensional wetting layer is formed first,
followed by strain-driven QD formation,'>*> " which evolve in the
shape of hut clusters under the applied growth conditions.”” During Ge
deposition, the sample was in situ implanted with Ge™ ions [Fig. 1(a)]
by applying a voltage of —2 kV between the Ge source and the substrate
holder. The concentration of Ge® ions implanted this way is
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FIG. 1. Sketch of the fabrication and hydrogenation process. (a) Growth of DEQDs
by molecular beam epitaxy. Ge™ ions marked as red spheres are implanted into
the Ge QDs. (b) Growth of the Si capping layer. Defects in the Si matrix and in the
Ge QDs are marked by red squares and diamonds, respectively. (c) Deposition of
75nm of H-rich SiN, by PECVD. Hydrogen atoms are marked as blue spheres. (d)
Hydrogen is driven into the Si matrix by the firing step (740 °C) in a belt furnace.
(e) Laser annealing. (f) Passivated dangling bonds in Si marked as green squares.
The interstitials within the Ge DEQDs remain unaffected by the hydrogen treat-
ment.** (g) The SiN, layer is removed using 10% HF. (h) Finished sample.
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approximately 10'> ions cm™~2'*""* Finally, the QDs were capped with
70 nm of Si [Fig. 1(b)], deposited at a T ramped up from 475°C to
570 °C during the Si deposition process.

Furthermore, a single layer and a multilayer DEQD sample were
grown on a SOI substrate specifically elaborated from a commercial
SOI wafer in order to have a specific 2 um thick BOX layer beneath a
70 nm thick intrinsic Si device layer.'” The very same cleaning proce-
dure was applied to the SOI substrates before growth. Si buffer layers
with 80 nm and 30 nm thickness were grown at growth temperatures
T ramped from 550 °C to 500 °C with a rate of 0.9 A s~ for the sin-
gle layer and multilayer sample, respectively. For each DEQD layer,
Oce =7.5A of Ge was deposited at T = 500°C while applying
—1.5kV to the substrate, followed by the deposition of a 16 nm thick
Si spacer layer grown at T ramped from 475 °C to 600 °C. The single
DEQD layer was capped with 55 nm of Si at T; = 500 °C before sam-
ple annealing at 575 °C for 30 min. For the multilayer, the growth was
concluded after seven DEQD-layers by the deposition of 5 nm of Si at
T = 500 °C and subsequent annealing at 575 °C for 60 min.

The samples were treated using hydrogen passivation as
described in detail in Refs. 5-8, 21, and 22. This consisted of a RCA
cleaning and the deposition of a 75 nm thick layer of H-rich silicon
nitride (SiN,) at T = 400°C by plasma-enhanced chemical vapor
deposition (PECVD), see Fig. 1(c).”” Other passivation techniques,
such as sample annealing in H,N, atmosphere could in principle be
employed as well. However, the hydrogen supply from the SiN, layer
can have another benefit in electrically driven devices based on
DEQDs, where isolating layers are needed anyway. Thermal annealing
(firing) was done in an inline Schmid metallization fast-firing belt fur-
nace [Fig. 1(d)] at 740°C£6°C (as measured on standard 200 um
thick silicon wafers), with a constant belt speed of 177 in. per minute,
which corresponds to an annealing time of about three seconds. For
laser annealing, the samples were illuminated with a 938 nm fiber-
coupled laser diode [Fig. 1(e)] with a photon flux exceeding 2.94 x
10 cm 257! for 105, while the temperature of the sample was kept
at approximately 300 °C. The laser was operated in quasi-continuous
mode with a repetition rate of 2 kHz and pulse length of 0.5 ms.” The
deposited SiN, has a refractive index of ~2.08 at a wavelength of
633.2nm and, thus, acts as an antireflection coating for visible light.
Therefore, the SiN, layer was wet-chemically removed prior to PL
measurements using 10% HF [Fig. 1(g) and supplementary material].
For the PL measurements at 10 K, the samples were mounted into a
continuous helium flow cryostat equipped with a heatable cold finger,
allowing for sample temperatures between 4K and 350 K. A fiber-
coupled continuous-wave diode laser emitting at 442 nm was used for
excitation. An objective with a numerical aperture of 0.7 focused the
laser on the sample’s surface, resulting in a laser spot size of ~3 um
and an intensity of ~32kW cm~2. The near-infrared PL signal was
collected by the very same objective and routed via a multimode fiber
to a 300 mm grating spectrometer equipped with a 300 gr/mm grat-
ing. Two liquid nitrogen-cooled InGaAs photodiode arrays (OMA V
by Princeton Instruments with 512 and 1024 pixels) with a cutoff
wavelength of 1580 nm were used for detection. To be able to compare
the spectra recorded with the two different detectors, an untreated
DEQD reference sample was included in every measurement. Thus,
we were able to adapt the scaling of the spectra to different collection
and detection efficiencies by normalization via the PL intensity of the
common reference.
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To exclude changes in the spectral shape upon excessive thermal
annealing-induced Si-Ge intermixing of the DEQDs, as reported pre-
viously,”” we first isolate the influence of the firing and the laser
annealing steps on the RT PL. Figure 2 shows the RT PL signal of
DEQDs grown on FZ-Si before and after the firing process [Fig. 2(a)],
laser annealing [Fig. 2(b)], and the combination of both [Fig. 2(c)].
Note that for the different annealing processes, no changes in the spec-
tral shape of the PL emission are present, while a small but distinct
increase in the PL yield of up to 36% is observed, comparable to results
with millisecond flash lamp annealing.™

In a second step, the influence of the AHP was studied. In
Fig. 3(a), the corresponding RT PL spectra are shown before and after
the hydrogenation process, albeit without laser annealing. An increase
in the integrated PL intensity of almost a factor of three is observed.
Figure 3(b) reveals the RT PL before and after the whole AHP, i.e.,
including the laser annealing step. Here, the integrated intensity
increases by more than a factor of three. Further experiments on sam-
ples with slightly different annealing parameters indicate that the PL
increase is fairly robust against the exact annealing conditions (not
shown). The preservation of the spectral shape of the DEQD PL along
with the multifold enhanced light emission of both, Si bulk and the
DEQDs, indicate that the AHP effectively passivates defects in the Si
matrix that else lead to nonradiative recombination.

In earlier works, an increase in the RT PL emission of DEQDs
was also observed after low-energy proton irradiation.” However, this
approach leads to the formation of G-centers, creating additional
recombination paths at cryogenic temperatures, observable by a spec-
tral feature at 1279 nm.” Because these G-centers are typically formed
by an ion-irradiation process, they are not expected to be present in
the low temperature spectra in this work. This assumption is con-
firmed by the PL spectra recorded at 10K [Figs. 3(c) and 3(d)]. As

(a) e before DEQDs 296K
80 [ after firing N\ h
60 -
a0 r Si bulk ]
20 E
0 1 1 1 1 1
> (b) === Dbefore
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80 I e after firing and
60 laser annealing
40
20
0
1100 1200 1300 1400 1500 1600

wavelength (nm)

FIG. 2. PL spectra recorded at RT before and after (a) firing, (b) laser annealing,
(c) firing and subsequent laser annealing.
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FIG. 3. (a) and (b) PL spectra recorded at RT before and after the AHP including
SiN, deposition and subsequent annealing. (c) and (d) PL spectra recorded at 10 K
of the samples after hydrogenation.

compared to RT a narrowing and a slight red-shift of the DEQD-
related emission is observed. Furthermore, no additional defect-related
features are detected.

The RT PL spectra before and after the AHP of a single DEQD
layer and of a sevenfold multilayer both grown on SOI substrates are
shown in Figs. 4(a) and 4(b), respectively. The slightly higher tempera-
tures during the Si overgrowth of the DEQDs and the subsequent in
situ annealing at 575°C led to enhanced intermixing of the Ge

(a) o= before 296K (g) single layer 10K
e after SiN, + firing + laser
600 I T || (300°C, 10s) - 600
400 | T - 400
x4.4
;:_ 200 f 3 T + 4200
>
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'i e— after SiN, + firing + laser
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1 1 1

0
1100 1300 1500 1100 1300 1500
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FIG. 4. (a) and (b) PL spectra recorded at RT of a single layer and a 7 x multilayer
grown on SOI substrates before and after the AHP. PL spectra after the AHP
recorded at 10K of (c) a DEQD single layer and (d) of a DEQD 7 x multilayer.
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DEQD:s with the surrounding Si matrix. Thus, the PL emission shifts to
higher energies as compared to the samples grown on FZ-Si (Fig. 3),
enabling to additionally cover the telecom O-band around 1300 nm. In
the emission spectra of the DEQDs grown on SOI substrates (Fig. 4),
pronounced dips are observed around 1365nm. As shown in Figs. 2
and 3, similar dips are absent in the spectra of DEQDs grown on bulk
substrates. We ascribe these emission minima to the electric field mode’s
shape, propagating perpendicular to the substrate’s surface in the out-
ward direction. For DEQD layers on SOI substrates, this mode profile is
strongly modulated in the region of the BOX and DEQD layers due to
the interference of electric field components reflected at the BOX layer’s
interfaces. At 1365nm, a mode profile minimum coincides with the
DEQD position, resulting in a reduced intensity of the vacuum field
fluctuations and, thus, in a reduced spontaneous DEQD emission rate
at this wavelength.” This assignment is based on the measurement and
simulation of the sample’s reflection spectra, showing distinct
Fabry-Pérot fringes dominated by the 2 um thick BOX layer of the SOI
substrate. It is further confirmed by RT PL experiments at various sam-
ple inclinations with respect to the optical axis of the PL setup. In these
experiments, the emission minimum systematically shifts toward
shorter wavelength with increasing inclination angle, clearly indicating
an interference effect as opposed to an inherent property of the DEQD
electronic energy level structure. For the samples containing seven
DEQD layers on a SOI substrate, the spectra shown in Figs. 4(b) and
4(d) show less pronounced dips since the DEQD layers are distributed
in growth direction over approximately 100 nm and consequently
smear out the mode minimum.

As for the bulk Si substrates, application of the AHP leads for the
DEQDs grown on SOI to a tremendous increase in the integrated RT
PL by a factor of 4.4 for the single layer and 3.6 x for the multilayer
sample. We attribute the higher relative PL increase compared to the
samples on FZ-Si to the additional passivation of point defects origi-
nating from the SOI fabrication procedure. The PL spectra recorded at
10 K are shown in Figs. 4(c) and 4(d). No additional luminescence fea-
tures from potential defects at the BOX layer/Si device layer interface
were observed.”’

In this Letter, we have shown that the light-emitting performance
of DEQDs can be significantly increased by applying an advanced
hydrogenation process, recently developed in photovoltaic research for
curing performance limiting defects in Si solar cells. Supplying hydro-
gen from a hydrogen-rich SiN, layer in combination with thermal
annealing processes increases the PL yield of DEQDs grown on bulk Si
substrates by about a factor of three. As compared to other hydrogen-
related treatments like low-energy proton irradiation,” the approach
presented in this work has the advantage of not promoting further
unintentional radiative recombination paths.

For future applications, e.g., in photonic integrated circuits, how-
ever, the growth of DEQDs on SOI substrates is of major interest. We
demonstrated that the low thermal conductivity of the BOX layer and
hence the reduced thermal budget pose no limitation on the use of
DEQDs on SOI within industry graded thermal processes like firing at
740 °C=%6 °C for several seconds and laser annealing at 300 °C for sev-
eral seconds. Additionally, the emission enhancement for DEQDs
grown on SOI is more pronounced (exceeding a factor of four) than
for the FZ-Si samples. Since the epitaxial growth procedure was very
similar, we attribute this to the passivation of additional defects origi-
nating from the SOI fabrication procedure.

ARTICLE scitation.org/journal/apl

While the SiN, layer acts in solar cells simultaneously as hydro-
gen source and as antireflection coating, it could be easily imple-
mented in the fabrication processes of other Si-based devices, like light
emitting diodes, without additional fabrication steps. The SiN, could
be used as a sidewall passivation layer to reduce leakage currents and
simultaneously act as hydrogen source. The hydrogen is expected to
not only passivate defects as described in this Letter, but also ionized
donors and acceptors in the highly doped regions of optoelectronic
devices, resulting in further performance improvement. Note that the
advanced hydrogenation process is not limited to light-emitting devi-
ces, but could also be beneficial for other active components in PICs
or nanoelectronic devices known to be sensitive to point defects.

See the supplementary material for the influence of hydrofluoric
acid etching on the Si surface roughness and the PL yield.
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