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Photoluminescence enhancement
by deterministically site-controlled,
vertically stacked SiGe quantum
dots

Jeffrey Schuster'™, Johannes Aberl*, Lada Vukusi¢?, Lukas Spindlberger?, Heiko Groiss?,
Thomas Fromherz', Moritz Brehm? & Friedrich Schaffler?

The Si/SiGe heterosystem would be ideally suited for the realization of complementary metal-oxide-
semiconductor (CMOS)-compatible integrated light sources, but the indirect band gap, exacerbated
by a type-Il band offset, makes it challenging to achieve efficient light emission. We address this
problem by strain engineering in ordered arrays of vertically close-stacked SiGe quantum dot (QD)
pairs. The strain induced by the respective lower QD creates a preferential nucleation site for the
upper one and strains the upper QD as well as the Si cap above it. Electrons are confined in the strain
pockets in the Si cap, which leads to an enhanced wave function overlap with the heavy holes near
the upper QD’s apex. With a thickness of the Si spacer between the stacked QDs below 5 nm, we
separated the functions of the two QDs: The role of the lower one is that of a pure stressor, whereas
only the upper QD facilitates radiative recombination of QD-bound excitons. We report on the design
and strain engineering of the QD pairs via strain-dependent Schrédinger-Poisson simulations, their
implementation by molecular beam epitaxy, and a comprehensive study of their structural and optical
properties in comparison with those of single-layer SiGe QD arrays. We find that the double QD
arrangement shifts the thermal quenching of the photoluminescence signal at higher temperatures.
Moreover, detrimental light emission from the QD-related wetting layers is suppressed in the
double-QD configuration.

The ever-increasing demand for data processing and transfer, as well as for on-chip sensing applications, have
triggered far-reaching interests in the development of monolithically integrated optoelectronic platforms based
on group-IV complementary metal-oxide-semiconductor (CMOS) technologies'. Today, silicon photonics pro-
vides building blocks for various optoelectronic applications and devices such as modulators, detectors, diodes,
waveguides, and other essential functions demanded by present and future classical- and quantum technology?-®.
The main open challenge of silicon photonics™'! is the implementation of an efficient light source that oper-
ates at room temperature, can be monolithically integrated into Si devices with standard CMOS technology
and exhibits emission wavelengths in the near infra-red spectral range. In particular, such a light source would
allow the implementation of on-chip optical interconnects to overcome dissipation losses and the limited band-
width of electronic signal transmission caused by on-chip copper wiring'?. Although hybrid solutions involving
I1I-V materials bonded to silicon-on-insulator (SOI) platforms have been reported'>!*, most of the advantages
associated with monolithic integration are lost, in particular overlay accuracy, material and fabrication cost,
as well as yield. Covering the optical telecommunication bands between 1.3 pm and 1.6um'*""7, the CMOS-
compatible Si/SiGe heterosystem is, in principle, well-suited for optoelectronic on-chip integration. However,
both the indirect bandgap and the type-1I band offset of this heterostructure® render it challenging to achieve
high quantum efficiencies. In SiGe quantum dots (QDs)'*?° the radiative recombination rate is enhanced by the
low-dimensional carrier confinement, which increases the local density of states and relaxes the wave-vector-
conservation criteria®!. Over the last two decades, epitaxial growth techniques have been developed to tailor the
essential properties of SiGe QDs, such as their size, shape, and composition?>-%°. Moreover, it has also become
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possible to control the exact position of the SiGe QDs on a Si substrate by providing lithographically defined
nucleation sites* 2,

While positioning with nanometer accuracy is a precondition for monolithic CMOS integration, it also allows
exploitation of the Purcell effect®® via deterministic coupling of SiGe QDs to photonic crystal resonators!”*3,
Still, the type-II band offset causes carrier separation in real space, with holes localized in the SiGe regions and
weak electron confinement in the surrounding Si matrix'>*. Compared to a type-I heterosystem, the overlap of
the wave functions is significantly reduced, and thus is the matrix element for radiative recombination®'. A recent
approach to address this problem utilizes deep-level Ge-ion-implantation into SiGe QDs, facilitating quasi-direct
optical transitions***¥~4!. This approach has been highly successful in achieving pronounced room-temperature
light emission with further improvements achieved by annealing*? and defect passivation in the surrounding Si
matrix***!. However, deep-level implantation has so far only been demonstrated with the hut-cluster-type* of
SiGe QDs which have to be grown at temperatures too low to allow for efficient site-control*.

To preserve the option of perfect site-control, we propose in this contribution a different path toward
enhanced optical transition matrix elements and improved temperature stability of SiGe QDs: We engineer the
built-in strain caused by the different lattice constants of Si and Ge!®*** by introducing a layer sequence with
vertically close-stacked SiGe QD pairs**~*%. In this way, we aim at increased wavefunction overlap of the confined
electrons and holes, and thus at enhanced radiative recombination.

This approach becomes feasible because a thin Si layer grown above a SiGe QD array on a strain-free Si (001)
substrate experiences tensile strain in the (100) growth plane with local maxima above the apices of the QDs*>*".
Deposition of a second Ge layer above this locally strained Si film will then lead to the nucleation of SiGe QDs at
the local strain maxima*>*. As a result, the two QD layers become vertically stacked with high overlay accuracy
and separated by a well-defined Si spacer layer*>*’.

Locally, the upper QDs induce increased tensile strain in a subsequently deposited Si capping layer that is
further enhanced by Ge accumulation along the growth direction**”. The tensile in-plane strain in the Si cap
splits the sixfold degenerate Si conduction band into the four energetically raised in-plane valleys (Ay,), and the
two energetically lowered A, valleys along the growth direction'®*4. The goal here is to separate the functionali-
ties of the two QDs in the stack: The lower SiGe QD acts solely as a stressor for the upper QD, where the holes
become confined, as well as for the adjacent Si cap layer, where the A,-electrons are localized. Radiative exciton
recombination occurs between these confined carriers.

In the following, we report on the simulation-assisted sample design, the realization of such layer sequences
by solid-source molecular beam epitaxy (MBE) on pre-patterned Si substrates, as well as their characterization by
atomic force microscopy (AFM), scanning transmission electron microscopy (STEM), and composition-mapping
by selective wet chemical etching (nanotomography). The main emphasis of this study is put on a comparative
assessment of single- and double QD samples by position- and temperature-dependent micro-photoluminescence
(1-PL) experiments.

Sample design

The commercial Schrodinger-Poisson-solver nextnano++* with a single-band model was employed to design
layer sequences for subsequent implementation by epitaxial growth. Details regarding the simulations performed
in this work are given in the “Methods” and “Simulations” sections.

For the double-QD configuration, we performed an initial series of simulations with varying Si spacer thick-
ness to assess the role of the strain pocket in the Si spacer layer above the lower QD. Generally, we found that the
Si spacer has to be less than 5 nm thick to suppress detrimental A ,-electron confinement there. We restricted our
experimental investigations to this range of thin spacer layers to make sure that only the upper QD in the stack is
optically active. This condition is certainly no longer fulfilled for spacer thicknesses exceeding 10 nm, for which
distinguishable excitonic transitions from both QDs in the stack have been reported®. Also, the QDs should
be as small as possible to achieve zero-dimensional carrier confinement and enhanced wavefunction overlap.

Sample fabrication

Based on the initial simulations, a series of six samples was grown by MBE on Si(001) samples that were pre-
patterned by electron beam lithography and reactive ion etching (Table 1). Details of the fabrication procedure
are given in the “Methods” section.

In brief, each sample contained a large number of simultaneously fabricated pit arrays, with the pit radius and
period being systematically varied from array to array. The geometry and the growth parameters were chosen
such that a single QD or a stacked QD pair (Table 1) nucleates in the center of each pit during subsequent over-
growth by MBE. The vertical separation of the QD stacks was varied by introducing a Si spacer with a nominal
thickness of 2, 4 and 5 nm, respectively. To achieve small QDs, the amount of deposited Ge for each QD layer
was chosen to be just above the minimum amount for QD formation, i.e., 5.6A of pure Ge for the first, and, to
account for Ge segregation, 4.2A Ge for the second QD layer®®*. Also, a relatively high temperature of 670°C
was chosen for QD growth to minimize the formation of non-radiative recombination centers. Samples A-D
were capped with Si for characterization by STEM and p-PL. Samples RefA and RefB remained un-capped to
provide direct access to the QDs on the surface via AFM and nanotomography experiments.

Structural characterization

Figure la and ¢ show AFM micrographs of the uncapped reference samples RefA (single QD layer) and RefB
(QD stack with 2 nm spacer) from pre-patterned areas with a period of 340 nm. In either case, perfect ordering
in registry with the etch-pits in the substrate has been achieved. Figure 1b and d show corresponding inclination-
angle maps of the QD arrays and an enlarged unit cell of sample RefB in the inset of Fig. 1d.
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Sample #
Layer A B C D RefA RefB
Si cap Yes Yes Yes Yes No No
QD2 No Yes Yes Yes No Yes
Si spacer No 2nm 4nm 5nm No 2nm
QD1 Yes Yes Yes Yes Yes Yes
Si substrate and Si buffer layer

Table 1. Upright layer sequences of the samples used in this study. Samples A and RefA incorporate a single
QD layer only, all other have vertically stacked QD pairs separated by the denoted Si spacer thicknesses.
Samples RefA and RefB have no Si cap to allow for AFM imaging and nanotomography. All other samples are
Si-capped for PL experiments and STEM imaging. The growth parameters for the individual layers are given in
the “Methods” part of the text.
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Figure 1. (a, b) AFM micrographs of the un-capped samples RefA (left) and RefB (right), respectively, from
the pre-patterned areas with a pit period of 340nm. The inclination maps (c) and (d) show the characteristic
facets of dome-shaped dots, i.e., {15 3 23} indicated in red, {1 1 3} shown in yellow and the shallow top with

a {1 0 5} facet (blue). Inset: Enlarged image of one pit with its dome-shaped QD showing the facets in higher
magnification as well as the decoration of the pit sidewalls with {1 0 5}-facetted ripples (blue) and (001) terraces
(white).

To access the cross-sectional geometry of the fabricated samples, we performed STEM and high angle annular
dark field (HAADF) imaging (see “Methods” section for details). Figure 2a shows an HAADF image of three
adjacent QD pairs from the pit-patterned region of the un-capped sample RefB with a 2 nm thick Si spacer.
The lower QD (bright in the HAADF image) sits in the center of the shallow, {1 0 5}-facetted pit and is clearly
separated by a thin, Si-rich layer (dark line in the HAADF image; marked by an arrow) from the upper QD.
Figure 2b shows a related image from one of the ordered QD-pairs of sample D with a 5 nm thick Si spacer as a
bright-field (BF) image. The thicker spacer enhances the separation of the dots (bright in the BF image; marked
with an arrow). The images of both samples reveal that a large percentage of the lower QD has been flattened
during growth into what appears to be a terminating (001) interface towards the Si spacer and the upper QD.

Figure 2c shows a cross-sectional HAADF image from the un-patterned area of sample D with three ran-
domly nucleated QD-pairs that vary much stronger in size than the QD-pairs in the pit-patterned area. As the
investigated area is pit-free, the bottom of the lower QDs is flat, and both WLs are clearly resolved as flat, bright
lines. A zoom-in of one of the QD-pairs of Fig. 2¢ is depicted in Fig. 2d, again as a HAADF image. As in the pit-
patterned areas, the lower QD developed a flat upper interface to the clearly resolved spacer layer and the upper
QD. Because of the higher area-density of the randomly nucleated QD-pairs, their volume is correspondingly
smaller than those of the ordered ones.

Our selection of very thin Si spacer layers in combination with Ge coverages just at the onset of QD nuclea-
tion, and the rather high deposition temperatures for the Ge layers, were motivated by samples optimized for
excitonic radiation. The cross-sectional STEM images in Fig. 2 reveal that this particular combination of growth
parameters results in a rather unique geometry of the QD-stack: The lower QD develops a flat interface to the
clearly distinguished Si spacer and to the upper QD. Moreover, the upper QD has a significantly larger volume
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Figure 2. (a) HAADF image of ordered QD stacks in pits. (b) Bright-field image of a QD-stack in a pit. (c)
HAADF image of randomly nucleated QD-stacks from an un-patterned area of Sample D. (d) Zoom-in of a
QD-stack of image (c).
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Figure 3. (a), (b) Nanotomography of samples RefA and RefB. The solid lines represent AFM line scans
recorded after etching in NHH solution (see “Methods” section) for different etching times from 0 to 1015 min.
The origin of the ordinate corresponds to the position of the (001) surface between the QDs. The underlying
color-coded map shows the Ge-content which was extracted with the composition-dependent etching rate of the
employed NHH solution. The negative half-space of the color map is a mirrored copy of the positive one.

than the lower one although more Ge was deposited for the lower QD. Evidently, Ge segregation from the lower
to the upper dot had occurred, as reported in the literature*®, but a very thin, Si-rich spacer remains between the
QDs which develops into a terminating (001) facet.

We can rule out that the flattening of the lower QD has occured during the deposition of the Si spacer layer
which was intentionally deposited at 470°C (see “Methods” section) to induce conformal overgrow*’. We assume
that the shape and size transformation of the lower QD occurs during deposition of the second QD at the rela-
tively high temperature employed here. The Si caps of all samples were deposited below 500°C to preserve the
dome shape of the single QD (sample A) and the respective upper QDs in samples B-D. Comparison of Fig. 2a
(uncapped sample RefB) and Fig. 2b (sample D) confirms that the shape of the capped QD is indeed conserved
under these conditions. Experiments are presently under way to understand this kind of internal facet forma-
tion in the completely miscible Si-Ge alloy. The results are beyond the scope of this study and will be published
elsewhere.

To determine the composition profiles of the QDs we used nanotomography experiments based on a combi-
nation of repeated wet chemical etching steps and AFM scans®’. A Ge map can then be extracted by utilizing the
composition-dependence of the etching rate in the employed etchant. For more details see “Methods” section
and references therein.

Figure 3 shows a selection of AFM height profiles overlaying a color-coded composition map of QDs from the
ordered regions of samples RefA (a) and RefB (b). The line profiles are labelled with the respective etching times
in units of minutes. The extracted Ge-profiles (see “Methods” section) show increasing Ge-content in growth
direction and from the center to the outside of the QDs. By comparing the results with STEM- and HAADF
images, we assume that the Si spacer between the QDs in Fig. 3b is located between the profiles recorded after
395 and 835 min. The nanotomography experiments had to be performed on the un-capped samples RefA and
RefB to get direct access to the QDs. However, the un-capped samples are expected to be terminated by about
2 monolayers (ML) of segregated Ge*® which leads to an overestimation of the topmost composition in the Ge
map of Fig. 3 as compared to Si-capped samples.
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Figure 4. (a—c) Comparative nextnano++ simulations of a single Sij_xGe, QD (left) and a vertically stacked
double QDs separated by a 2nm thick Si spacer (right) in a Si matrix. (a) Cross-sectional view of the layer

stacks with color-coded Ge-content x. (b) Corresponding in-plane strain component ¢|. The maximum

tensile in-plane-strain in the Si matrix occurs above the Ge-rich apices of the QDs. (¢) Normalized probability
densities for heavy holes (HH) and A ,-electrons for the QD sequences in (a) as color-code and line-plots. The
HHs are located in the single and in the upper QDs, respectively, the A ,-electrons above the respective apex.

The color code is from black (vanishing probability) to white (maximum probability). The insets show the
probability density per pixel, i.e., simulation node and an enhanced overlap for the double-dot structure which is
highlighted by the inserted zoom-ins. (d) Schematic band edges for A,-electrons, HH and LH of both samples.
The black lines indicate the ground state energy levels of A,-electrons and HH.

Simulations

To assess the expected optical and electronic properties of the MBE-grown samples, we designed input models
for nextnano++ simulations using a single-band model based on the experimentally determined geometries and
composition profiles discussed above. The respective models for samples A and B are shown in Fig. 4a as 2D
projections of the 3D contour plots in a plane through the center of a single SiGe QD (left panel) and a closely
stacked QD-pair with 2 nm Si spacer (right panel). The color code represents the local Ge content which was
modelled with lateral and vertical gradients based on the nanotomography results. The QDs are embedded into
a matrix of pure Si (x = 0) which is depicted in black in Fig. 4a. The lines at the bottom of each dot represent the
Ge WLs that develop upon Ge deposition before the onset of QD nucleation>*2. Their inclination represents
the geometry of the {1 0 5}-facetted pit>® in which the QDs nucleate (Fig. 2).

The in-plane strain components &) = 1/2(&xx + &) associated with the composition topologies in Fig. 4a
are depicted in Fig. 4b. Strain-free regions are displayed in light green, whereas the color-code from blue to red
shades represents negative (compressive) and positive (tensile) strain values, respectively*!. As expected, tensile
strain regions develop in the Si layers above the apices of the QDs, with strain above the upper QD of the double-
QD arrangement being significantly more pronounced.
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Figure 5. PL-Spectra from ordered QD arrays of samples A (blue) and B (orange) recorded at 10K with an
excitation intensity of 14.1kW ¢cm™2. The signals from the QD arrays consist of a no-phonon signal (QDnp)
at 0.92eV and a Ge-TO-phonon replica (QDt() at 0.88eV. Sample A shows the no-phonon peak of the WL
(WLyp) at 1.08 eV and its Si-TO-phonon replica (WLrq) at 1.020eV. All other peaks are substrate-related, as
discussed in the text.

To assess the optical matrix elements, the squares of the wave functions y¥*¢ (probability amplitudes) for
the lowest energy states of A -electrons and HH were calculated. The light holes (LH) can be neglected in the
temperature range investigated in this study since their ground state is energetically unfavorable by 40 meV as
compared to the HH ground state. Figure 4c depicts the normalized probability densities with a color-code from
black (zero) to white (maximum probability) and a lineplot of the probability densities per pixel (simulation
node) along the center of the QDs. Because of the similarities of the single QD and the upper QD in the stack
regarding the involved carriers, energy levels and geometries, the oscillator strengths will essentially be propor-
tional to the overlap of the probability amplitudes of HH and A ;-electrons?'. The nextnano++ simulations show
that the overlap of the probability amplitude is indeed enhanced by a factor of three in the case of the QD stack
(see inserts in Fig. 4c). The Ayy-electrons are not shown here, because they are confined around the bottom of
the upper dot and, according to our simulations, are energetically too unfavorable to contribute to the PL signals.

Figure 4d shows schematically the variations of the conduction- and valence band edges through the centers
of the QDs along the growth direction. The most favorable locations for the HH are situated in the single and
upper SiGe dots, respectively. The dashed lines depict the valence band edge for the LH which follow in principle
the HH band edge but is shifted by about 30meV to lower energies. The tensile strain pockets in the Si regions
above the apex of each QD favor the localization of A -electrons. The respective ground state energy levels are
depicted as black lines. The iteration scheme employed for the simulations (see “Methods” section) ensures that
the simulated A ,/HH transition energies agree with the experimental PL spectra discussed in the next section.

Photoluminescence: measurements and results
Position-, temperature- and excitation-intensity- (see Suppl. Information) dependent j-PL experiments were
performed on samples A-C (Table 1) in an experimental setup described in the “Methods” section. Figure 5 shows
the u-PL spectra of samples A and B which were recorded at 10 K with an excitation-intensity of 14.1 kW cm ™2,
Both spectra were obtained from the respective QD arrays with a period of 340nm and a pit radius of 100 nm.
The Si substrate contributes the optical- (TO/LO) and acoustic- (TA) phonon replicas of the bulk free-exciton
(FE) at 1.098 eV and 1.137 eV, respectively*. In addition, the two-phonon (TO + O") replica of the FE;o,/10
signal is weakly observed at 1.034 eV>*.

In sample A the Ge WL from the areas between the ordered dots contributes a no-phonon peak (WLyp) and
the TO replica hereof (WLt() at 1.08¢V and 1.02eV, respectively’*®>>**. No apparent WL signal is observed from
sample B. Finally, rather broad QD signals appear in both samples between 0.82 eV and 0.97 eV with a NP peak
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Figure 6. (a) AFM images of the uncapped samples RefA and RefB in the boundary regions between pit-
patterned (340nm period, 100nm radius) and plain substrate areas. The onset of the pit-pattern defines the
origin of the distance scale, with positive values pointing into the plain substrate area. In both samples, a
denuded zone free of QDs is observed in the first 5um to 7pum of the plain area, followed by random QD
nucleation with a bimodal shape distribution of pyramid- and dome-shaped QDs. (b), (d): Photoluminescence
contour plots of sample A and B, respectively, on the same distance scale as in (a). As a guide to the eye, the
dotted vertical lines indicate the respective shifts of the QD signals from the patterned to the plain areas. (c)
Comparison of PL spectra of the two samples from the ordered field, the denuded zone and the randomly
nucleated area (bottom to top), as indicated by the horizontal dashed lines in (b), (d). The dashed vertical lines
indicate the energetic shifts of the respective WL-signal peaks. All spectra were recorded at 10K. For more
details see the Suppl. Informations.

at 0.92 eV and a TO replica (QD1() at 0.88 eV'>*. At 10K the QD-related signals of the two samples are very
similar both in spectral appearance and with regard to the signal intensity. In agreement with our simulations,
showing that with a thin spacer layer there is no localization of electrons between the QDs possible, this finding
indicates that the lower QD in sample B does not contribute to the PL emission.

Spatially resolved PL measurements. In Fig. 5 sample B lacks an apparent WL signal even though
WLs associated with either of the QD layers are clearly resolved in the STEM and HAADF images (Fig. 2). To
gain further insight into this finding, we performed spatially resolved PL measurements in the near vicinity of
ordered QD arrays, both on sample A and B (Fig. 6). Details of these experiments are discussed the Supplemen-
tal Information to this paper.

In brief, on the way from a pit-patterned region to the surrounding plain substrate area, deterministic QD
ordering turns into random QD nucleation®’. For single-QD layers it is well known that the PL signals of both,
the QDs and the WL, become red-shifted in the random-nucleation areas as compared to the pit-patterned
regions®’. This behavior is attributed to enhanced alloying of QDs in a pit***”*’, and pit-wall-decoration on the
cost of the WL, respectively.

For sample B we found a significantly smaller red-shift of the QD signal and only one WL signal in the plain
substrate areas (Fig. 6b—d). From the observed shifts of the PL signals we could estimate that in sample A ~2/3 of
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Figure 7. Temperature-dependent p.-PL measurements. Spectra shown in the left half of the figure are from
the single-layer sample A, those in the right half from the stacked double-QD sample B with a Si spacer width
of 2 nm. The temperature range from 10 to 170K is displayed in the upper panels, the range from 190 to 280K
in the respective lower panels. Note the different span of the intensity scales of the upper and lower panels.
The FE| o/10 signal from the Si substrate and the WL signal in sample A rapidly disappear with increasing
temperature. While the intensities of the QD-related signal between 0.8 and 1.0 eV are comparable in both
samples, the decay above 190 K is significantly more pronounced in the single-QD-sample A.

a Ge ML are transferred from the WL to the pit-walls. For sample B we found that only the upper WL contributes
to the WL signal from the plain area, which we found to be about 0.4ML thicker than the lower one, presumably
because of diffusion during the growth of the second QD layer. The absence of an apparent WL PL signal in the
ordered regions of sample B is most likely caused by a more efficient transfer of photo-excited holes from the
WL regions into the upper QD of the stack.

Excitation-intensity-dependent PL experiments. We studied the dominating recombination mecha-
nism of the photo-excited electron-hole pairs in samples A and B by conducting PL experiments as a function of
the excitation intensity Ig. Details of the experiment are given in the Supplementary Information.

Over a large range of excitation intensities, we found in both samples a power-law behavior of the integrated
QD signal Ip, of the form Ipy, o If'. We found for both samples identical exponents of m = 0.7. This value is
typically observed in SiGe QDs, and has been associated with Auger recombination being the dominant recom-
bination mechanism'.

Temperature-dependent PL experiments. To assess the temperature-stability of the PL signal, tem-
perature-dependent -PL (Tpr) measurements were performed in the same experimental run under identical
measurement conditions for samples A, B, and C (Table 1). We chose an excitation intensity of 14.1kW cm™2,
and the respective QD arrays with a period of 340nm and a pit radius of 100nm in all three samples.

Figure 7 shows the PL spectra of single-QD sample A (left panels) and on the right those of sample B with
the 2nm thick spacer. The spectra in the temperature range from 10 to 170 K (respective upper panels) and from
190 to 280 K (lower panels) are plotted separately to account for the decrease of the PL signals with increasing
T. The spectra of both samples are to scale in units of counts per second (cps).

In the low-T range up to 170 K (upper panels in Fig. 7), the intensities of the QD-related signals between
0.8 and 1.0 eV are very similar in both samples. Above 200 K, however, the signal decay is significantly more
pronounced in sample A with its single-QD layer. At 280 K, only the QD stack shows an evident, albeit weak,
QD-related signal.

To quantify the T-dependence of the QD-related PL signal, we integrated the PL intensity between 0.8 and
1.0 eV for each temperature and normalized it to the intensity at 10 K. An Arrhenius plot is depicted in Fig. 8 for
samples A, B and C, showing the normalized integrated QD signal on a logarithmic scale versus 1000/T. Sample
A and B were measured a second time for proof of reproducibility (A, A and B1,B5). The integrated intensities
of all three samples increase slightly with temperature up to about 170 K***%, and then drop rapidly towards
higher temperatures. The range above 200 K is expanded in the inset of Fig. 8 to highlight the differences of the
three samples in this temperature range. Above approximately 220 K, the integrated QD signals from the QD
stacks (samples B and C) are about a factor of two more intense than the signal from the single-layer-sample A.
In this temperature range, the integrated intensities decay with very similar, linear slopes in the Arrhenius plot.

The solid lines in Fig. 8 are fits to the data points using the simple two-state model® (see “Methods” section).

I(T)=1Ip- (1+A-exp(—Ea/ksT)) ™" (1)
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Figure 8. Arrhenius plot of the QD-related signals of two different measurements of the two samples from

Fig. 7 and of sample C with a 4 nm thick Si spacer. The PL signals are integrated between 0.8 eV and 1.0 eV and
plotted over the investigated temperature range from 10 to 280 K. The inset is a zoom-in of the temperature
range between 170 and 300 K. Above 220 K the integrated PL signals of the double-QD samples B and C exceeds
the one of the single-QD-sample A by a factor of 2. The solid lines in the inset are fits to the two-level model

discussed in the text.

The low-temperature limit I(T — 0) = I was taken at 10K, the lowest temperature measured. We optimized
the fits in the relevant temperature range above 190K, where thermally activated behavior is clearly observed.
Under these conditions, the fits depicted in Fig. 8 correspond to (E4 = 158 meV; A = 23,000) for sample A, and
(Ea =158 meV; A = 12,000) for sample B and C. For the fits, both measurement series were taken into account.
While the activation energies for thermal depopulation of the QD states are essentially identical, the fitted pre-
factors A = 82%L (Eq. 3 in the “Methods” section) differ by a factor of about 2. The ratio g»/g; of the densities
81T . M .
of states shotld be very similar for the three samples, as they describe in all three cases the electron-hole pair
bound to a SiGe QD (g) and the dissociated electron-hole pair with the electron delocalized in the conduction
band of the surrounding Si matrix (gz). Therefore, the significant differences of the experimentally determined
A reflect the different lifetime ratios 7, /7, for the two samples. 7, is expected to describe essentially the lifetime
of the delocalized electrons® which is expected to be comparable in all three samples. Hence, the lifetime 7; of
the electron-hole pair located at the QD is the most important contribution to the respective values of A. The
different values of A extracted from the experiments imply that the lifetime of the bound QD states in the double-
QD samples B and C is about a factor of 2 shorter than in sample A. This is a strong indication of a significantly
enhanced electron-hole interaction and an increased PL yield for the closely stacked QD pairs as compared to
the single QDs in the reference sample.

Summary and concluding remarks

In summary, we addressed the problem of inefficient optical recombination in the indirect-gap, type-II Si/
SiGe heterostructure by the investigation of laterally ordered, closely stacked SiGe QD pairs. In this approach,
we aimed at a functional separation of the role of the two QDs in a stack: The role of the lower QD is that of a
pure stressor, whereas only the upper QD facilitates radiative exciton recombination. The stressor-QD creates
a preferential nucleation site for the upper one, but its main purpose is controlled straining of both, the upper
QD and the adjacent Si cap. In this way, the hole wave function can be shifted toward the apex of the upper QD,
and the electrons become stronger localized in the strain pocket in the Si cap above the upper QD. As a result of
this particular strain engineering approach, enhanced wave function overlap can be achieved, concomitant with
a stronger electron-hole interaction and increased PL yield. Indeed, we find that the double QD arrangement
shifts the thermal quenching of the photoluminescence signal to significantly higher temperatures. Moreover,
the closely stacked QD-pair efficiently suppresses the detrimental radiative recombination channel provided by
the Ge WL in the areas between the ordered QDs. As our approach with spacer-layer thicknesses smaller than
5 nm deactivates optical recombination at the lower QD by preventing electrons to become localized between
the QDs, the QD stack remains in principle suitable as a single-photon source that can be positioned with nm
precision in a CMOS-compatible Si device environment.

With these promising results, a next step to further enhance the PL efficiency of this approach will be fur-
ther optimization of strain tuning. For example, more strain, and thus stronger electron confinement, could be
achieved by conserving the shape of the lower QD by using lower growth temperatures for the upper QD layer.
Furthermore, the implantation with Ge-ions to create deep-level defects in the upper QD of the stack® will
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combine perfect lateral ordering with strain tuning of the upper QD and a quasi-direct optical transition via the
implanted defect*®, which will be addressed in future works.

Methods

Sample fabrication. In the first step, 17.5 x 17.5 mm? samples were cut from a 4” high-resistivity (Rg >
100052 cm) float-zone (FZ) Si(100) wafer. After chemical cleaning in organic solvents and oxide removal in 1%
fluoric acid (HF), the samples were spin-coated with a positive polymethylmethacrylat (PMMA) resist (Allresist
679.04). The pit-pattern for the preferential nucleation of the SiGe QDs was defined by means of electron beam
lithography using a Raith eLine system operated at an acceleration voltage of 30 kV and a beam current of
300 pA. After developing in Allresist 600-56, the remaining resist served as a mask for reactive ion etching in an
Oxford Plasmalab 100 ICP system using a gas flow of 2 sccm for SFg and 1 sccm for O at a cryogenic sample
temperature of -90°C. A large number of pit arrays were realized simultaneously on each sample. Hereby, the pit
radii were varied in six steps from 75 to 100 nm, and the pit periods in 13 steps from 340 to 490 nm (pit densities
ranging from 4.16 x 108 cm™2 to 8.65 x 108 cm~2) from array to array. Each pit field contained a square lattice of
80 x 80 pits etched to a uniform depth of 50 nm to allow for single QD nucleation in each pit during subsequent
MBE growth!”.

After removal of the remaining resist in an oxygen plasma followed by piranha etching®, an RCA cleaning
step®, and a final dip in 5% HF, the pre-patterned substrates were introduced via a load-lock system into our
Riber Siva 45 MBE system with electron beam evaporators for Si and Ge®. After a degassing step for 20 min at
650°C, a50 nm thick Si buffer layer was grown at a rate of 0.7A s~! during a ramp-up of the substrate temperature
from 470°C to 570°C. Under these conditions, the Si buffer converts the cylindrically shaped pits into inverted
pyramids with {1 1 10} facetted sidewalls®®. The facetted pits act as nucleation sites for the subsequent growth
of SiGe QDs?*>3%2, For the first QD layer, the temperature was increased to 670°C, and 5.6A of pure Ge were
deposited at a rate of 0.04A s, For sample A (see Table 1), a 70 nm thick silicon cap layer was then grown at
470°C and 0.12A s~1. For samples B-D, a silicon spacer layer was grown at 470°C after the first QD layer, with its
thickness being varied between 2 and 5 nm (Table 1). This rather low growth temperature was chosen to preserve
conformal covering of the first QD layer™. Subsequently, the second QD layer was grown by depositing 4.2A of
Ge at the otherwise same conditions as the first one. Due to the built-in strain, the QDs of the second layer form
directly on top of the under-lying QDs, thus becoming vertically stacked*>*’. Finally, the QD stacks were capped
by 50nm of Si deposited at a rate of 0.7A s~! during a temperature ramp from 470°C to 500°C.

Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) was performed in a JEOL JEM-2200FS instrument at 200 ke
V primary beam energy using either a bright field (BF) or a high angle annular dark field (HAADF) detector.
Sample preparation for STEM was conducted by focused ion beam (FIB) in a Zeiss 1540 XB instrument. Before
lamella cutting with 30 ke V Ga-beam energy, an electron-beam-stimulated Pt-deposition was used to protect
the sample surface. The final thinning was performed at an energy of 5 ke V to reduce specimen amorphization.
Lamellae were prepared from sample D (Table 1) from both the pre-patterned and the plain areas of the sample,
as well as from sample RefB. In the pre-patterned areas lamellae were cut along the (110)-orientation of the pit
rows, as well as in (100)-direction, i.e., under 45° with respect to the pit-row orientation.

Nanotomography
For a comprehensive assessment of the composition profiles in the QD-stacks, we performed nanotomography®!
via a combination of repeated wet chemical etching steps and AFM scans. The samples were immersed into a
NHH solution (1:1 vol. (28% NH4OH):(31% H,0,)), which exhibits an exponentially increasing etching rate
with increasing Ge-content®!. Expecting a higher Ge-fraction in the upper parts of the QDs, the etching times
were increased for each step from 1 to 1015 min to achieve approximately equidistantly spaced profiles from the
AFM scans recorded after each etching step.

The etching profiles were converted into maps of the Ge content using the methods described in Ref.’!. For
image correction, overlay, tomography computation and visualization, a software package provided by A. Rastelli
was employed.

Micro-photoluminescence measurements

The samples were studied by micro-photoluminescence (u-PL) spectroscopy in a setup described in detail
elsewhere*!. For excitation a continuous-wave (cw) diode laser with a wavelength of 441 nm (532 nm frequency-
doubled Nd:YAG laser for excitation-intensity-dependent measurements) was focused via a microscope objec-
tive with a numerical aperture of 0.7 onto a spot on the sample with a diameter of approximately 3um and an
adjustable excitation-intensity of up to 1100 kW cm™2. Collected by the same objective, the j1-PL signal was
guided through a multimode fiber to a 300 mm grating spectrometer (300 grooves/mm) equipped with a liquid-
nitrogen-cooled InGaAs line-detector from Princeton Instruments. For comparative experiments, several samples
were mounted simultaneously on the cold-finger of a continuous-flow helium cryostat that allowed adjustment
of the sample temperatures between 10 and 300 K. In this way, temperature- and excitation-intensity-dependent
measurements could be performed under identical excitation and imaging conditions on samples B and C with
stacked QDs and on the single-layer-sample A.
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Nextnano++ simulations

The commercial nextnano++ software package® is essentially a Schrédinger/Poisson solver with built-in data
base for various heteromaterials. nextnano++ provides a comprehensive means for assessing the optical and
electronic properties of strained semiconductor heterostructures of almost arbitrary composition. In a first step,
a tentative, three-dimensional (3D) composition model of the desired heterostructure is defined as an input
file for the simulation. The program then provides the corresponding strain distribution under the assump-
tion of coherent growth, i.e., in the absence of plastic strain relaxation. The composition and strain topologies
determine the 3D variation of the band structure in the simulation volume. Finally, Schrédinger/Poisson itera-
tions in a single-band effective mass approach yield the electronic and optical properties of the initially defined
heterostructure. Comparison with experiments then leads to modifications of the initial composition model as
an input for further iterations.

For reasons of simplicity, the {1 0 5}-facetted pits® as well as the multi-facetted, dome-shaped QDs** were
treated as combinations of rotational symmetric cones and truncated cones. To tailor the Ge-profile according to
the nanotomography results, an sequence of 5 cones with increasing size and Ge-content were superimposed for
the lower and the upper part of the dots, respectively, each with an linear Ge-gradient in growth direction. The
lower part of both, single layer and upper dot of the stack, consists of truncated cones with an inclination angle
of 25.3°, corresponding to a {1 1 3} facet, while the top of the QDs was simulated by another set of cones with
a geometry corresponding to a {1 0 5} facet with an inclination angle of (11.3°). The grid for the Schrédinger/
Poisson solver was adapted to the geometry to facilitate a compromise between resolution and computing time.
Emphasis was put on details near the apices of the QDs.

Since the nanotomography experiments had to be conducted on the un-capped reference samples RefA and
RefB, the Ge content on the surface of the upper QD is expected to be overestimated by the segregation of about
two monolayers of Ge*. As a significant part of the segregated Ge will diffuse into the cap upon overgrowth
with Si, we corrected the Ge content on the surface of the nanotomography maps by iteratively comparing the
simulated optical transition energies with the u-PL results. For this purpose, a starting value for the maximum
Ge concentration was chosen, and the energy for the lowest transition was calculated via nextnano++. This
value was compared to the QD-related PL signal which has its maximum in the ordered region of sample B at
0.92 eV (Fig. 5). We achieved convergence of the iteration with a maximum Ge content of approximately 33%
at the apices of the QDs.

Arrhenius fits
To quantify the temperature-dependent behavior of the three samples, we fitted the data points with a simple
two-state model with a single activation energy®>*:

I(T)=1Ip- (1+A-exp(—Ea/ksT)) ™! 2)

I(T) is the integrated PL intensity as a function of the thermal energy kpT; Iy is the integrated PL intensity at
T — 0, and kg is the Boltzmann constant. For A 3> 1, Iy/A is the extrapolated PL intensity in the limit1/T — 0.
E4 is the activation energy from the electron-hole pair bound at the QD (State 1) to a deactivated State 2, where
the electron has become delocalized in the surrounding Si matrix®. The pre-factor A in the denominator reads

_ U
8172

A 3)

where the g; are the densities of states of the two involved states, and the 7; are the respective excited state
lifetimes®. If the dimensionalities of initial and deactivated final states are different, the ratio g, /g; assumes an
explicit temperature-dependence of the form™>>*;

£ _

@ )

In our configuration, we expect thermal deactivation from a zero-dimensional (0D) confined state at a QD into
a 3D band state, which would be associated with n = 3/2%°. We found, however, that in the accessible temperature
range a temperature-dependence according to Eq. (4) has little influence on the quality of the fits. Therefore, we
set n = 0 in the following, i.e., we treated A as a temperature-independent constant representing the densities of
states and the lifetimes of the two states according to Eq. (3).

removed former entry 64 (Birner 2011) in original manuscript, which wasn’t referenced to in the submitted
version but a leftover reference from earlier versions. Added entry 50 (Brehm 2011) as part of the incorporation
of reviewer 1’s comments. The subsequent reference numbers are therefore shifted.
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