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Coupled three-dimensional GeSi quantum dot crystals (QDCs) are realized by multilayer growth of
quantum dots (QDs) on patterned SOI (001) substrates. Photoluminescence spectra of these QDCs
show non-phonon (NP) recombination and its transverse-optical (TO) phonon replica of excitons in
QDs. With increasing excitation power, peak energies of both the NP and TO peaks remain nearly
constant and the width of the TO peak decreases. These anomalous features of the PL peaks are
attributed to miniband formation due to strong coupling of the holes and the emergence of
quasioptical phonon modes due to periodic scatters in ordered GeSi QDs. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3702883]

High density and three-dimensionally (3D) ordered
quantum dot (QD) arrays have been referred to as quantum
dot crystals (QDCs)." The strong coupling among densely or-
dered quantum dots in QDCs may provide a path for the en-
gineering of band structure and functionalities. Various
physical phenomena, including electrostatic interactions,’
localized states splitting and associated quasimolecular
states,” have been studied in coupled GeSi QD systems.

Generally, a perfectly regimented QDC can be realized,
given that (i) the QDs are 3D ordered, (ii) the QDs are small
and homogeneous, and (iii) the interdot spacing is small
enough for strong overlap of carrier wave-functions. In 3D
artificial QDCs, the QDs play a role similar to that of atoms
in real crystals. The band offsets at the interfaces between
the QD and the matrix in the QDC also play a role analogous
to the periodic potential in real crystals. When QDs are 3D
ordered and in close proximity to one another, significant
carrier wave function overlap occurs. For QDs that are iden-
tical in both shape and size, the discrete energy levels of a
single QD will split into extended states and emerge as 3D
minibands. Moreover, coupling within QDCs leads to a dras-
tic change in the electron density of states (DOS), compared
to single dots or quantum well superlattices.4’S The DOS in a
QDC has a maximum peak in each miniband, which is evi-
dently different from the delta-function-like DOS that is
apparent in a random array of noninteracting QDs.

The miniband formation that is induced by coupling
within QDCs has been studied theoretically in several mate-
rial systems.‘l_6 Various physical properties, including
enhanced light absorption,” higher Hall mobility,” high-
temperature thermoelectricity,” and negative differential
conductance,” have been reported in these systems. Enor-
mous effort has been devoted to the realization of ordered
GeSi QDs via patterning and lithographic techniques.''%"?
However, the size and the period of the ordered QDs up to
this point have been too large to investigate coupling effects
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and the corresponding optoelectronic properties. Considering
the compatibility with the sophisticated Si integration tech-
nology, there is a substantial motivation to investigate both
the fundamental properties and the device applications of
miniband formation in GeSi QDC.

In this letter, high density and 3D ordered GeSi QDCs
are realized by multilayer growth of QDs on pit-patterned
silicon on insulator (SOI) (001) substrates via nanosphere li-
thography. The QDs are arranged laterally in a hexagonal
lattice with a periodicity of 100 nm. A systematic investiga-
tion of the photoluminescence (PL) spectra of this QDC is
performed. Both non-phonon (NP) recombination and
transverse-optical (TO) phonon replica of excitons in the
QDC are observed. The nearly nonshifted PL peaks and the
decrease of the full width at half maximum (FWHM) of the
TO peak with increasing excitation power are examined.
These characteristics are explained in terms of miniband for-
mation due to the strong coupling of closely adjacent dots
and the emergence of quasioptical phonon modes due to per-
iodic scatters in the QDC, respectively. Such unique features
of QDCs can improve the optical properties, the carrier
transportation, and the thermoelectricity, which may have
promising applications in optoelectronic and thermoelectric
devices.

The samples were grown by molecular beam epitaxy
(MBE) on pit-patterned SOI (001) substrates, which are fab-
ricated via nanosphere lithography.'? The buried oxide and
the top silicon layers are 370 and 30 nm thick, respectively.
Polystyrene (PS) spheres of 100nm in diameter were
employed to form densely periodic PS sphere patterns on the
SOI (001) substrates via self-assembly. A net-like mask
composed of the Au pattern thermally evaporated between
the PS spheres and the Au-catalyzed SiO, formed naturally.
Periodic pits, arranged in the same ordering as the PS
spheres, were then obtained after selective etching of the Si
by a KOH solution. The pit-patterned SOI substrates were
cleaned by the standard RCA method and passivated by HF
prior to loading into the MBE chamber. The deposition rate
of Si and Ge is 0.36 and 0.06 A s, respectively. The typical

© 2012 American Institute of Physics
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growth procedures are as follows. After the thermal desorp-
tion at 780°C for 3min, a 64nm thick Si buffer layer was
deposited at 400 °C. The first QD layer was grown by depos-
iting 5 monolayers (MLs) of Ge with increasing the growth
temperature from 450 to 550 °C. An additional 5 MLs of Ge
were then deposited at 550 °C. A 5.5 nm thick Si spacer layer
was deposited with increasing the growth temperature from
450 to 550°C. The subsequent QD layers were grown at
550 °C, separated by the same Si spacer layers. To suppress
enlargement of the QDs in the subsequent layers induced by
strain accumulation,'® a descending of 0.5 ML Ge after ev-
ery 3 layers was employed. For PL characterization, a Si cap
layer of 100 nm was deposited at 400 °C. Finally, the sam-
ples were cooled down to room temperature immediately.
The surface morphologies of the samples were characterized
using atomic force microscopy (AFM). Cross-sectional
transmission electron microscopy (XTEM) images were also
obtained from a sample of ten-layer ordered QDs with the
same growth parameters. For PL measurements, the samples
were placed in a closed-cycle helium cryostat with a temper-
ature range from 16K to room temperature. An Ar' laser
(488 nm) was used as the excitation source. The PL spectra
were recorded by an extended InGaAs detector using the
standard lock-in technique.

Figure 1(a) shows the surface morphology of the pyra-
mid shaped GeSi islands that nucleated in the ordered nano-
pits on a pit-patterned SOI (001) substrate. The uniform
GeSi islands are arranged in a hexagonal lattice with a perio-
dicity of 100 nm. Lateral ordering of the QDs are maintained
after fifteen-layer stacking, as shown in Fig. 1(c). Based on
statistical analyses of the QD height, shown in Fig. 1(d), the
mean height of the GeSi QDs in the fifteenth-layer (topmost)
was found to be 7.8 nm with a standard dispersion of 10%.
The vertical ordering can be verified by the XTEM image
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FIG. 1. (a) AFM image of the ordered pyramid shaped QDs in the first layer
of the QDC (bottommost layer of QDs). (b) Height profile along the line
shown in (a). (c) AFM image of the ordered QDs in the fifteenth-layer of the
QDC (topmost layer of QDs). (c) The hexagonal ordering is schematically
illustrated by a hexagon. (d) Statistical height distribution of the ordered
QDs shown in (c), the average value (H) and the standard dispersion ¢ of
the height of QDs are also shown.
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shown in Fig. 2, which is obtained from a sample of ten-
layer uncapped QDs grown on a patterned substrate with the
same growth parameters. From Fig. 2(a), the in-plane inter-
dot spacing can be estimated to be ~10nm. From the high
resolution XTEM image shown in Fig. 2(b), the vertical
interdot spacing and the QD height in the center-line of a QD
column are found to be ~2.5 and ~4.5 nm, respectively. A
schematic side view illustration of the QDC structure is illus-
trated in Fig. 2(c). The in-plane ordering of the QDC is pre-
determined only by the ordered pit-pattern on substrate while
the vertical ordering is self-organized in the multilayer epi-
taxial process.! The height of the uncapped QDs in the top-
most layer is larger than the QDs in the layers below. The Si
capping process significantly reduces the height of the QDs
due to SiGe intermixing.15 Meanwhile, trenches are formed
surrounding the bottom of the QDs,'® which also enlarge the
AFM measured height of the topmost QDs. Thus, densely
3D ordered GeSi QD arrays have been realized and can be
referred to as QDCs. Such QDCs may allow for strong wave-
function overlap and the formation of minibands.

Figure 3(a) shows the PL spectrum of a capped fifteen-
layer GeSi QDC measured at 16 K and under excitation
power of 0.3 W. The PL spectrum of a capped fifteen-layer
random GeSi QDs sample that was grown under the same
conditions is also shown. The intensity of the PL peak for
the QDC is much stronger than that for the random QDs.
This result demonstrates that the optical properties of the
QDC can be significantly improved compared to the random
QDs. The sharp peak around 0.76¢eV is related to the C-O
complexes.'” The asymmetric QDC PL peak can be fitted by
two Gaussian peaks, as indicated by the dash-lines in Fig.
3(a), and are separated by ~54 meV. Accordingly, these two
peaks are assigned to be the NP peak and its TO phonon rep-
lica of QDs.'® Figure 3(b) shows the power dependence of

FIG. 2. (a) Cross-sectional TEM image of a ten-layer GeSi QDC. The short
black arrow indicates a nanopit on the substrates. (b) HRTEM image of a
QD column. (c) Schematic side view illustration of the QDC structure.
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FIG. 3. (a) PL spectra of the capped fifteen-layer ordered and random QDs
sample at 16 K, under excitation power of 0.3 W. The decomposed NP and
TO PL peaks are indicated by dash-lines. (b) Integrated PL intensity of QDs
as a function of excitation power. (¢) PL spectrum of the fifteen-layer or-
dered QDs sample as a function of excitation power at 16 K.

integrated intensity (Ip;) of PL peaks of the QDC. The sub-
linear relationship between the Ip; and the excitation power
(P) is found to be Ip,~ P%®®', which indicates a typical type-
II band alignment of a GeSi QD system.'” The power de-
pendent PL spectra of the capped fifteen-layer GeSi QDC
sample measured at 16 K are shown in Fig. 3(c). It is evident
that the NP and TO peak energies maintain a nearly constant
value of 872 (*3meV) and 818 meV (+=3meV), respec-
tively, as shown in Fig. 4(a). Such features are significantly
different from previously reported PL spectra obtained from
GeSi QDs with the type-II band alignment, which show a
large blueshift with increasing excitation power.'®!

We attribute such anomalous PL features to the forma-
tion of minibands in our GeSi QDC samples due to the
strong interdot coupling. Considering the much higher band
offset for heavy holes inside the QDs compared to electrons
localized in the Si matrix around the QDs, it can be assumed
that the minibands are mainly formed in the valence
band.*>2? Theoretical results demonstrate that (1) the mini-
band structures of the QDCs are more sensitive to the dot
regimentation rather than to the dot shape or size and (ii) the
DOS will significantly increase in minibands.* In our QDC
sample, the QDs are 3D ordered and uniform. Accordingly,
the ground state miniband of heavy holes in the valence band
formed in our GeSi QDC exhibits a much higher DOS. Con-
sidering the excitation power used in the experiments, we
propose that all the photo-generated holes will only partially
fill in the ground state miniband. Moreover, the DOS of the
miniband has a maximum value near the low-energy edge of
the miniband.* Thus for a weak excitation power, the photo-

Appl. Phys. Lett. 100, 153113 (2012)
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FIG. 4. (a) The peak energy, (b) the FWHM of the NP, and the TO peaks of
QDs as a function of excitation power.

generated holes will fill this state of maximum density,
which predominantly determines the peak energy. Conse-
quently, in the range of the present excitation power, the
shift of the PL peaks of the QDC with the excitation power
is too small to be explicitly observed. Such miniband forma-
tion can also contribute to the enhanced PL efficiency for the
QDC sample, as shown in Fig. 3(a).

The FWHM of the NP peak is slightly increased due to
the filling effect. Generally, the FWHM of the TO replica
should maintain a power dependence similar to that of the
NP peak.'®?! However, in our QDC sample, the FWHM of
the TO replica shows a much different power dependence, as
shown in Fig. 4(b). According to the theoretical calculation
by Lazarenkova er al.,* many quasioptical phonon branches
can emerge in QDCs due to periodic scatters, such as quan-
tum dot boundaries. The emergence of quasioptical phonons
may dramatically modify the carrier energy relaxation proc-
esses in the QDC structures. Thus, we attribute the decrease
of the FWHM of the TO replica with excitation power to be
the effect of quasioptical phonon emergence in our QDC
sample. Further theoretical study and experiments are needed
to understand this phenomenon thoroughly. Moreover,
extended electron states and minibands have already been
observed in partially ordered and inhomogeneous quantum
dot superlattices.” The formation of minibands may improve
the optical properties of regimented QDs and change charge
transfer in QD structures, increasing carrier mobility. The
emergence of quasioptical phonon modes may dramatically
affect carrier energy relaxation processes in QDC. Such
unique features of QDC may stimulate their application in
some optoelectronic and thermoelectric devices.

In addition, due to the limited number of coupled QDs
along the growth direction, the miniband mainly extends in-
plane for holes. The photo-generated electrons are mainly
localized in the Si matrix above and below the QDs, a region
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which is essentially not affected by miniband formation.
Accordingly type-II band alignment occurs, which results in
sublinear power dependence of the PL intensity, as shown in
Fig. 3(b). The TO replica peak is also observed because the
indirect band gap in momentum space for the Si/Ge system
is not considerably changed.

In summary, we have realized high density and 3D or-
dered GeSi QD arrays on pit-patterned SOI (001) substrates
via nanosphere lithography. Considering the excellent regi-
mentation and the size uniformity of these ordered QDs, we
refer to them as GeSi QDCs. Considerably stronger PL peaks
in QDCs, compared to those of random QDs, are observed.
Furthermore, with the increase of excitation power, the
anomalous PL features reveal nearly constant peak energy
and the FWHM of the TO replica peaks decrease. The for-
mer is explained by the miniband formation due to the strong
coupling among QDs in the QDC. The latter is attributed to
the emergence of quasioptical phonon modes related to the
periodic scatters in the QDC. The formation of minibands
and the emergency of quasioptical phonon modes in the
GeSi QDC can significantly improve the physical properties
of regimented QDs, which may have promising applications
in some optoelectronic devices.
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