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We report photoluminescence (PL) experiments on individual SiGe quantum dots (QDs) that were

epitaxially grown in a site-controlled fashion on pre-patterned Si(001) substrates. We demonstrate

that the PL line-widths of single QDs decrease with excitation power to about 16 meV, a value that

is much narrower than any of the previously reported PL signals in the SiGe/Si heterosystem. At

low temperatures, the PL-intensity becomes limited by a 25 meV high potential-barrier between the

QDs and the surrounding Ge wetting layer (WL). This barrier impedes QD filling from the WL

which collects and traps most of the optically excited holes in this type-II heterosystem. VC 2015
Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4923188]

During the last years, the heteroepitaxial growth of Ge

on Si has become a model system for the strain-driven self-

assembly of quantum dots (QDs).1–4 A main motivation for

studying the optical properties of this material system is the

prospect of efficient light emitters and single photon sources

in the near infrared spectral range for monolithic integration

into a silicon device platform.5 Recent progress in

site-controlled growth of SiGe QDs on pre-patterned Si(001)

substrates,6–10 and their commensurable embedding into

photonic crystal slabs11 has opened a unique route toward

deterministic positioning of individual SiGe QDs in photonic

crystal resonators. Yet, optical studies were mainly per-

formed on ensembles of SiGe QDs, which cause broadening

of the photoluminescence (PL) lines due to variations in QD

size12–16 and local composition.17 Spectroscopy on single

QDs appears to be a domain of III–V18–20 and II–VI21,22

heteromaterials, whereas optical measurements on isolated

group-IV nanostructures were only reported for dispersed

porous-Si grains23 and Si pillars in an oxide matrix.24,25

Here, we study the optical properties of individual SiGe

QDs. These have type-II band alignment, where holes are

confined within the QDs, whereas electrons are located on

the Si-side of the hetero-interface between QDs and Si

matrix (lower inset in Fig. 3). In order to address single QDs,

we used site-controlled self-assembly on pre-patterned

Si(001) substrates to define SiGe QD arrays with several lm

wide period.8,26 These allow focusing of the PL detection

spot onto a single QD. Moreover, the Ge distribution within

the individual dots becomes more homogeneous,17 which

leads to narrower PL emission lines than if grown randomly

on planar Si(001) substrates.7,17 We also studied QD filling

with holes from the surrounding Ge wetting layer (WL),

which, for geometrical reasons, collects most of the optically

generated holes.

The investigated SiGe QD-arrays were prepared in two

steps. First, we fabricated on Si(001) float-zone substrates

two-dimensionally (2D) periodic arrays of cylindrical pits by

electron beam lithography and reactive ion etching. The pits

have a diameter of �200 nm, a depth of �50 nm, and spacing

of dpit¼ 3.4 lm. In the second step, the hetero-layers were

grown by molecular beam epitaxy (MBE) in a Riber Siva 45

facility on these templates. The substrates were chemically

pre-cleaned, and hydrogen passivated in 1% hydrofluoric

acid27 immediately before being introduced into the load-

lock chamber. After in-situ degassing at 700 �C for 40 min, a

45 nm thick Si buffer layer was grown at a rate of 0.6 Å/s

with the substrate temperature being ramped up from 450 �C
to 550 �C. Hereafter, three monolayers (MLs) of Ge were de-

posited at 700 �C at a rate of 0.03 Å/s. Finally, a 30 nm thick

Si cap was grown at 350 �C to avoid intermixing with the

thin Ge WL and the Ge QDs.28

After growth, the surface of the samples was character-

ized ex-situ using a Digital Instruments Dimension 3100

atomic force microscope (AFM). Micro-PL measurements

were carried out at sample temperatures (TPL) ranging from

10 K to 80 K. PL was excited by a frequency doubled

Nd:YVO4 laser emitting at 532 nm, which was focused by an

objective lens onto the sample with a spot diameter< 2 lm.

The detection spot had a diameter of �4 lm, as determined

by a modified knife-edge method.26 The PL signal was

dispersed in a grating spectrometer and recorded with a

liquid-nitrogen cooled InGaAs line detector.

An AFM micrograph of the investigated QD array is

shown in the inset of Fig. 1. Dotted circles indicate the size

of the detection spot,26 revealing that only one or, at most,

two QDs contribute to the PL signal. Figure 1 shows

excitation-power dependent PL-signals from the Si-bulk, thea)Electronic addresses: moritz.brehm@jku.at and martyna.grydlik@jku.at
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WL and the QDs at TPL¼ 10 K. The Si bulk signal appears

at higher excitation powers near 1.1 eV as the transversal-

optical-phonon (TO) replica of the Si bulk exciton. The WL

related PL-signals appear between about 0.95 eV and

1.05 eV, with the most pronounced emission lines being the

no-phonon (NP) line and a TO-phonon replica29,30 at

�1.025 eV and �0.97 eV, respectively. The QD emits

between 0.8 eV and 0.95 eV, but the NP and TO lines cannot

be resolved (see, e.g., green spectrum in Fig. 1,

Pexc¼ 2.3 lW). Even for low excitation powers of

Pexc< 10 lW, the WL signal dominates.

In Ref. 26, the existence of an activation energy barrier

was discussed that prevents at low TPL charge carriers bound

to the WL to diffuse to the global potential minima in the

QDs. To assess the involved activation energies, we per-

formed temperature-dependent PL-spectroscopy with

Pexc¼ 10 lW (Fig. 2(a)). The black guides to the eye repre-

sent smoothened spectra using a Savitzky-Golay-Filter.31

Figure 2(b) shows on a double logarithmic scale the

temperature-dependence of the integrated PL intensities from

Si bulk, WL and QDs for an excitation power of 170 lW, as

well as the PL-intensity of the WL for Pexc¼ 10 lW. The

data were fitted according to Refs. 14 and 15

IWLðTPLÞ ¼ I0 � ð1þ A1 � exp ð�EA1=kBTPLÞ
þA2 � exp ð�EA2=kBTPLÞÞ�1; (1)

where IWL(TPL) and I0 and are the integrated WL

PL-intensities at TPL and at10 K, respectively, A1 and A2 are

scaling coefficients, EA1 and EA2 are activation energies, and

kB is the Boltzmann constant. Two activation energies

are required for a good fit. For the lower one, we found EA1

� 5 meV, which corresponds to the exciton binding energy

of the type-II quantum-well potential of the WL.32,33 The

extracted value for EA2 was 25.4 6 1.3 meV, which we

attribute to hole transfer from the WL into the QDs over an

energy barrier formed by a reduced WL thickness at the

periphery of the dots.34 We also considered an additional

temperature-dependent term in Eq. (1), which should

account for the different dimensionalities of the bound states

in the WL and the QDs,35 but found little influence on the

two activation energies extracted from the simplified

equation (1).36

The inset in Fig. 2(b) presents the integrated PL inten-

sities from Si bulk, WL, and the QDs, normalized to the total

PL intensity for Pexc¼ 170 lW. It is evident that thermal

quenching of the WL-related PL signal is concomitant with a

FIG. 1. Pexc-dependent PL spectra from individual QDs for TPL¼ 10 K. The

spectra are vertically shifted. Pexc was 67 lW (orange spectrum), 33 lW

(red), 17 lW (pink), 10 lW (blue), 5 lW (violet), and 2.3 lW (green spec-

trum). In the inset, an AFM micrograph in derivative mode presents the field

with dpit¼ 3.4 lm. The dotted circles indicate the size of the detection spot.

FIG. 2. (a) Temperature-dependence of PL-spectra from individual QDs at

Pexc¼ 10 lW. The spectra are vertically shifted for reasons of visibility, and

spectra obtained with TPL> 17 K are magnified by a factor indicated in the

figure. The black curves represent the smoothened spectra to guide the eye.

(b) Integrated intensities for the Si bulk peak (black squares), the QDs (red

triangles), and the WL (blue circles). The full symbols correspond to an ex-

citation power of 170 lW, the open symbols to Pexc¼ 10 lW. The solid lines

are fits from which the activation energies were determined. The inset in (b)

shows a zoom-in of the integrated PL-intensity of the QDs (open star sym-

bol) as well as the integrated PL-intensities of Si bulk, the WL and the QDs,

normalized to the total PL-intensity for Pexc¼ 170 lW (full symbols).

251904-2 Grydlik et al. Appl. Phys. Lett. 106, 251904 (2015)



transition of carriers into the QDs. A schematic illustration

of the related carrier diffusion paths is shown in the upper

inset of Fig. 3. We used the findings of Ref. 34 to determine

the location of the activation barrier EA2, i.e., the region

where the WL becomes thinnest. Notice that for

dpit¼ 3.4 lm, the projected surface of the QDs (5.55� 103

nm2) amounts to only about 0.05% of the total unit cell area

(1.156� 107 nm2). Thus, almost all generated electron-hole

pairs diffuse to the WL quantum well, where they become

trapped because EA2 prevents diffusion into the QDs. Thus,

for very low temperatures effective PL emission from the

QDs is unlikely.

This finding is confirmed by the PL measurements in

Fig. 3, which were carried out at TPL¼ 40 K. In contrast to

the 10 K-PL spectra in Fig. 1, where QD signals are barely

detectable, some of the holes trapped in the WL can now

overcome EA2 and diffuse into the QD. Simultaneously, the

integrated PL signal decreases because of the low exciton

binding energy EA1 and phonon-induced thermal quench-

ing.14 Overall, the relative contribution of carrier recombina-

tion in the QDs increases (inset in Fig. 2(b)) which leads to

the observation of two QD-related peaks in the energy range

between 0.83 and 0.95 eV (Fig. 2(a)).

To minimize line broadening by state-filling, we investi-

gated the PL spectra of individual QDs at extremely low ex-

citation powers between 0.1 lW<Pexc< 1.4 lW. A series of

spectra measured at TPL¼ 40 K are displayed in Figure 4.

When decreasing Pexc from about 30 lW to 0.1 lW, we

observed that the line-width of the QD-related NP-peak at

920 meV decreases to a full-width-at-half-maximum

(FWHM) of about 16 meV, following the empirical power

law FWHM¼A�Pexc
m with A¼ 0.02006 and m¼ 0.11025.

These widths are significantly sharper than PL lines from

any SiGe QD ensembles published so far.7,16 However, they

are still, broader than the ones observed from top-down fab-

ricated Si QDs,25 and substantially broader than those of or-

dered InAs QDs,20 even though we employed comparable

excitation power densities.

The relatively broad single-QD PL signals even at low

Pexc are caused by the interplay of several detrimental

effects. (i) The indirect bandgap and the type-II band align-

ment in SiGe QDs lead to carrier lifetimes in the ls

range37,38 that are substantially longer than, e.g., in InAs

FIG. 4. (a) Pexc-dependent PL spectra from individual QDs for TPL¼ 40 K.

The excitation powers are indicated next to the spectra. The thick red curves

present smoothened spectra and are only guides for the eye. The no-phonon

(NP) signal at about 0.92 eV and the TO-phonon related peaks at about

(0.865 eV) are indicated by arrows. (b) FWHM of the NP-QD-peak as a

function of the excitation power. With decreasing power (from 67 lW to

0.1 lW), the FWHM decreases by almost 20 meV. The red-dashed line

presents a phenomenological power law fit using a Gaussian function. The

inset shows the PL-QD NP peak with the corresponding Gaussian fits for

Pexc¼ 33 lW and 0.3 lW.

FIG. 3. Pexc-dependent PL spectra from individual QDs for TPL¼ 40 K. The

spectra are vertically shifted. The thick curves present smoothened spectra

as guides for the eye. The upper inset schematically depicts a Ge QD in a pit

(black) in a surrounding Si matrix (grey). Electrons and holes are depicted

as “�” and “þ,” respectively. The locations of the experimentally deter-

mined activation barriers EA1 and EA2 are indicated. The lower inset shows

the type-II band alignment of a SiGe QD. It is based on self-consistent calcu-

lations and the assumption of increasing Ge concentration in growth direc-

tion (left to right). The global conduction band minimum corresponds to the

two-fold degenerate Si valleys Dz along the [001] growth direction.

251904-3 Grydlik et al. Appl. Phys. Lett. 106, 251904 (2015)



QDs. Thus, even at our lowest Pexc, which is at the limits of

experimental feasibility, filling effects are expected to be im-

portant. (ii) Level filling becomes in particular important in

site-controlled SiGe QDs, because their rather homogeneous

composition17,39 causes spreading of the hole wave functions

over most of the QD.17 Consequently, the lowest ten hole

levels have been estimated to be just �15 meV apart.17 In

addition, the strain distribution leads to a splitting of the six-

fold degenerate conduction band of the Si matrix near the

apex and the four base corners of the pyramidal-shaped QDs,

where the electrons are located,17,40 adding to the complex

and dense system of energy levels. (iii) Another major con-

tribution to line broadening in long-time averaged spectra

comes from spectral diffusion41,42 caused by charge fluctua-

tions in the vicinity of the QDs. Such fluctuations can, for

instance, be associated with growth defects, e.g., in the low-

temperature Si cap layer. Moreover, thermally induced

charge fluctuations of the weakly bound electrons of our

type-II excitons (upper inset in Fig. 3) would lead to differ-

ently charged excitonic complexes.43,44 Their energy shifts

with respect to the neutral exciton level were predicted to be

enhanced in type-II heterostructures.45 (iv) Since the SiGe/Si

heterosystem is indirect both in real and k-space, phonon

broadening at TPL is another expected contribution to the

observed line width.

Two strategies appear feasible to further reduce the line

widths of SiGe QDs. For one, lower growth temperatures

could suppress interdiffusion and should thus allow smaller

QDs with well separated hole confinement levels. Second,

locating a single QD in a photonic crystal cavity11 will lead

to reduced radiative lifetimes due to the Purcell effect, which

would also reduce level filling effects. Under these condi-

tions, time resolved experiments should allow us to separate

the aforementioned transition mechanism and to gain access

to the intrinsic linewidths of individual transitions. Such

forthcoming experiments will also be applied to recently

developed SiGe QD light emitters,46 which show greatly

enhanced PL intensities even at room temperature, and might

therefore be well suited for Si-based single photon sources.

In summary, we studied optical PL properties of

site-controlled SiGe QD arrays with periods of 3.4 lm and

demonstrated PL-emission from individual QDs. The related

line-widths decrease with decreasing PL excitation power,

reaching FWHW of 16 meV at low excitation densities.

Power-dependent PL studies also highlight the role of an acti-

vation barrier, which has to be overcome by holes trapped in

the WL to reach the global potential minima in the QDs.
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