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Chapter 5

Indirect bandgap semiconductor

at nanoscales

This chapter presents our study on Ge nanoscrystals (GeNCs) embeded in bulk Si

and SiO2 matrices. In the �rst structure, six monolayers of Ge are grown by solid

source molecular beam epitaxy (MBE) method on 400 nm pit-patterned Si substrate.

The GeNCs are self-assembled due to the lattice mismatch between Ge and Si. In

the second structure, Ge NCs form by co-sputtering of pure Ge and SiO2 on a quartz

substrate. At 4.2 K, PL spectra of the GeNCs show excitonic emission at around 0.85

eV for the MBE-grown sample, and around 1.1 eV for sputtered samples. These PL

bands can be assigned to the emission from the GeNCs with sizes of about 5 nm and

4 nm, respectively. Using deconvolution with Gaussian line shapes, we distinguish

Si-Ge and Si-O-Si phonon replicas in the PL spectra. Strong dependence of PL

intensity on temperature and a slow radiative decay dynamics (2 µs) �t to the model

of the indirect band-gap of GeNCs. Type II heterostructures con�guration for GeNCs

in Si is also concluded, explaining the blue-shift of PL spectra with increase of the

excitation �ux.

5.1 Introduction

Characterized by indirect band gap, Si and Ge bulk semiconductors have very low
radiative recombination probabilities of excitons. Observation of PL from those
materials is hardly possible at room temperature as most of the excitons undergo
non-radiative recombination. At nanometer scales, uncertainty in k-space due to
the con�nement e�ect increases the radiative recombination probability. In this
situation, room temperature PL is more probable. This opens a hope for indirect
band gap semiconductors as materials for opto-electronic applications. Since the �rst
report [124] on red luminescence from Si at nanometer scales at room temperature
was published, many breakthrough results have been communicated, such as the
observation of stimulated emission [125, 126, 127] and space separated quantum
cutting [128].

Similar to Si, Ge also attracts much attention from the scienti�c and technolog-
ical community. Ge can create an alloy with Si, which is compatible with CMOS
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technology. Having smaller e�ective masses of carriers and a larger dielectric con-
stant than that of Si, the strong con�nement e�ects are expected to occur already for
relative large NCs, with diameters bigger than for Si (because of larger free exciton
Bohr radius -24 nm in Ge [129] compared to 5 nm in Si [130, 131]). In addition, bulk
Ge has only a small energy di�erence (0.14 eV) between direct and indirect band
gaps. Therefore, it seems highly possible to tailor its band structure towards direct
band gap. Furthermore, small bandgap of Ge can give (i) the emission at a wave-
length interesting for telecommunication applications and (ii) the highest e�ciency
for photovoltaic conversion, making use of the principle of carrier multiplication, as
estimated in the Ref. [132]. Theoretical calculations predict that GeNCs can emit
light more e�ciently than SiNCs [133, 134].

In spite of these very good prospects, e�cient PL from GeNCs has not been
con�rmed. Size-dependent near-infrared (NIR) PL from GeNCs embedded in SiO2

matrix was observed in the sample prepared by radio frequency (RF) co-sputtering
[135], however, there is still a mismatch in emission energy between the experimental
data [135] and theoretical predictions [133]. Consequently, the origin of the PL bands
observed in GeNCs is still a matter of controversy. Optical properties of GeNCs need
to be further investigated.

In this work, we report on research on quantum con�nement e�ects in GeNCs.
Two series of samples were prepared: self-assembled GeNCs in Si matrix and GeNCs
embedded in SiO2 matrix. The �rst series was prepared by molecular beam epitaxy
(MBE) on Si pit-patterned substrate and the second by sputtering (SP) on a �at
fused silica substrate. PL spectra at 0.85 eV for the MBE sample and 1.1 eV for
the SP samples at 4.2 K are presented, and assigned to NCs of about 5 nm and 4
nm diameters, respectively. PL spectra of the samples with no-phonon and phonon
assisted bands are de-convoluted using Gaussian line shapes. We also present tem-
perature dependence of PL spectra, and discuss the role of the boundary condition
of the NCs as well as the PL spectral blue-shift with the excitation �ux for the MBE
sample. These observation are compared with the PL properties of the GeNCs pre-
pared by the SP method.

5.2 Experimental details

The studied MBE sample was prepared and supplied by the group of Prof. W.
Jantsch from Johannes Kepler University, Linz, Austria under the same procedure
as in Ref. [136]. A sketch of the sample fabrication process can be seen in Fig. 5.1.
A 2D 400-nm pit-patterned Si(001) substrate (a) is coated with a bu�er layer of
about 45 nm Si (b). In the next steps, 4 periods of 6 monolayers of Ge are grown
at 700oC with the rate of 0.05 /s (c), followed by a 20 nm Si spacer grown at 550oC
and 0.5 /s. The GeNCs are formed due to the lattice mismatch between Ge and Si.
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Figure 5.1: A sketch of sample fabrication process, see also Ref. [136]. A 2D pit-

patterned Si(001) substrate (a) with periods of 400 nm are bu�ered by a layer of about

45 nm Si (b), four periods of six monolayers of Ge, which form Ge dots, grown at

700oC at 0.05 /s (c), followed by a 20 nm Si spacer grown at 550oC and 0.5 A/s.

Finally, the sample was capped by a 55 nm thick Si layer with growth temperature

of 500oC. The dimensions of Ge NCs are about 50 nm in base diameter and 5 nm

in height (d).

Finally, a 55 nm thick Si layer is grown at the temperature of 500oC on the top as
a capping layer. The dimensions of GeNCs are about 50 nm in base diameter and
5 nm in the height (d). With this size, the quantum con�nement is more probable
to occur in one dimension.

The series of the SP samples was prepared by magnetron sputtering method and
supplied by Dr. M. Buljan in Rudjer Boskovic Institute, Zagreb, Croatia. About
10 periods of 10 nm of a mixture of Ge and SiO2, plus SiO2 spacer, were deposited
on SiO2 substrate. The ratio of Ge:SiO2 in the co-sputtered layer was 40:60 molar
concentration. After the deposition, the samples were annealed in vacuum for 1 hr
at 700oC, 800oC and 900oC; for further reference, they are labeled as SPas-grown,
SP700, SP800, and SP900, respectively. Sample preparation procedures is described
in more detail in Ref. [137].
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Figure 5.2: PL spectrum of the MBE-grown sample at 4.2 K under cw laser illumi-

nation at 488 nm. The emission bands at around 1.1 eV come from the excitonic

radiative recombination and phonon replica from the Si substrate. Lower energy

emission bands at around 0.9 - 1.1 eV are due to the wetting layers of Ge on Si

matrix. The emission bands at around 0.8 eV are due to the excitonic emission of

Ge-NCs (no-phonon and phonon replica).

During the experiments, the samples were placed in a continuous-�ow He cryo-
stat (Oxford Instruments Optistat CF) accessing the 1.5-300 K temperature range.
A cw solid state laser, with Nd:YVO4 gain medium (Millennia, Spectra Physics),
operating at 532 nm, was used as the pumping source. PL signals were analyzed by
a 1 m f/8 monochromator (Jobin-Yvon THR-1000; with a 900 grooves/mm grating
blazed at 1.5 µm) coupled to an infrared Ge detector (Edinburgh Instruments) and
monitored via DSP Lock-In Ampli�er (Signal Recovery SR7265) and a 500 MHz
oscilloscope (Tektronix TDS3000).

5.3 Results and discussion

A PL spectrum of the MBE-grown sample at 4.2 K under cw laser illumination at
488 nm is presented in Fig. 5.2. We can see two narrow emission bands around
1.1 and 1.14 eV. These bands appear due to the excitonic radiative recombination,
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Figure 5.3: No-phonon line and phonon replica of the excitonic PL emission band

from GeNCs in the MBE-grown sample. The intensities are obtained by Gausian

de-convolution of PL spectra (see example in the inset).

representing for a no-phonon (NP) line and its phonon replica from the Si substrate.
Lower energy emissions at around 0.9 - 1.1 eV arise from the wetting layers of Ge on
Si interface. Multiple peaks here can be related to coupling of excitons with acoustic
and optical phonons. The emission band at around 0.8 eV is due to the excitonic
emission of GeNCs. This emission band can be deconvoluted into two Gaussian
peaks. The higher energy PL peak is due to NP excitonic recombination. The lower
energy PL peak comes from recombination of excitons accompanied by an emission
of a phonon related to the Ge-Si vibrational mode, with an energy of ∼ 49 meV.

Temperature dependence of the excitonic emission band from GeNCs is presented
in Fig. 5.3. The intensity of NP and phonon assisted peaks are estimated from the
Gaussian deconvolution (see example in the inset). As can be seen, the intensities
of phonon assisted peak initially increases while that of the NP peak decreases
monotonously. The initial increase of the phonon assisted peak can be rationalized
as the ability to emit a phonon is higher when the density of phonons is higher. At
higher temperature, excitons are thermally dissociated, hence, decreasing the PL
intensity.

In Fig. 5.4, we present dependence of PL spectra from the MBE-grown sample
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Figure 5.4: Dependence of the PL spectrum from MBE GeNCs on excitation �ux.

While the PL intensity becomes stronger at higher excitation �uxes, it is normalized

for clarify. Spectral blue-shift of the GeNCs excitonic emission can be seen with

upon increasing of the excitation �ux.

on excitation �ux at T = 4.2 K. At higher excitation �uxes, the excitonic emission
bands from Ge-NCs are shifting to higher energies. We see that this blue-shifting
e�ect can not be accounted for by thermal spectral broadening. Considering the
Gaussian deconvolution of the peaks, we see that the energy distance of the two
peaks is independent of the pumping �ux.

The PL spectra at 4.2 K of the SP samples with di�erent annealing conditions
are presented in Fig. 5.5. In this �gure, PL intensities are normalized. We can see
that while the PL spectrum of the as-grown sample shows one dominant peak, in
the annealed samples (SP700, SP800, and SP900) there are two peaks. Using the
Gassian deconvolution, we �nd that the emission band can be decomposed into two
peaks separated by 135 meV. Looking up the Fourier transform infrared spectroscopy
(FTIR) data for this material, we �nd that this energy corresponds to the Ge-O-
Si vibrational mode. Therefore, we can conclude that these two emission peaks
come from excitonic recombination and represent a no-phonon line and a Ge-O-Si
phonon replica. We recall that the average size of the GeNCs in the SP samples,
determined by grazing-incidence small-angle x-ray scattering [137], is about 4.5 nm
diameter. This result is in good agreement with Ref. [135], however, does not follow
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Figure 5.5: PL spectra at 4.2 K of GeNCs embedded in SiO2 under cw laser excita-

tion at 532 nm. Samples with di�erent annealing temperatures at 700, 800, 900oC,

marked as SP-asgrown, SP700, SP800, and SP900, are investigated. For compari-

son, the intensities of individual PL spectra are normalized.

the theoretical predictions of Niquet et. al. [133].
In order to further understand the microscopic mechanism of the observed ra-

diative recombination, we investigate the dependence of the PL emission band on
excitation power and temperature. Also, the microscopic origin of the defect-related
emission is not clear as in several cases this emission has been interpreted as be-
ing due to con�ned exciton recombination, however with no agreement with the-
oretical predictions. Most reports on PL from GeNCs in SiO2 matrix present
three distinct emission bands. The �rst one is a visible one from Ge/SiO2 in-
terface defects [135] in some cases misinterpreted as interband excitonic emission
[129, 138, 139, 140, 141, 142, 143]. The second one is near-infrared band at 800-
900 nm [144], assigned also to a defect emission. This could also be related to
excitonic intraband emission, however, the dependence on NCs size is much weaker
than predicted by the rigorous tigh-binding calculations [133].

Fig. 5.6 presents dependence of GeNCs-related PL from SP800 sample on tem-
perature in the range of 4.2 - 100 K. The quantum con�nement crucially depends
on the surrounding matrix. The large bandgap matrix as SiO2 gives very strong
con�nement [145, 146]. In such a case, one will expect that PL from NCs can be
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Figure 5.6: Temperature dependence of the SP800 sample under cw laser excitation

at 532 nm. Two excitonic emission bands, no-phonon and phonon replica, of the

GeNCs in SiO2 matrix can be observed at low temperature.

observed also at higher temperatures. However, as can be seen from the �gure, most
of GeNCs excitonic PL intensity is gone for the temperatures above 100 K. While
the PL intensity of NP peak decreases fast, and almost disappears as the temper-
ature reaches ∼100 K, the phonon assisted peak can still be seen. The maxima of
the deconvoluted peaks are exhibited (diamond dots) with a linear �tting for eye
guiding. We can see that both peaks have a tendency of shifting to higher energies.
This is quite similar to the case of SiNCs embedded in SiO2, where blue-shift at low
temperature is due to the expansion of the bandgap at Γ-X points in the Brillouin
zone [147, 148]. This �nding con�rms indirect bandgap character of the GeNCs,
which has been theoretically predicted [133]. We remark here that this behavior is,
however, not observed in the case of the MBE sample.

Dependence of the GeNCs-related PL of SPas-grown, SP700, SP800, and SP900
on excitation power is presented in Fig. 5.7. As can be seen, at higher excitation
power, PL intensities of all samples are in the linear regime and they do not show
any saturation within the investigated excitation range. No spectral shifting of the
emission bands with excitation power can be seen. Due to the small thickness (10 ×
10 nm) of the sputtered layers, and the excitation wavelength of 532 nm, the change
of the penetration depth can be excluded. Thus, we can postulate that the photon
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Figure 5.7: Dependence of the PL spectra of the GeNCs embedded in SiO2 on exci-

tation power. No saturation can be seen in these excitation ranges.

emission at 4.2 K comes from the radiative recombination of excitons in the ground
state of GeNCs.

The shifting of excitonic PL spectra of the investigated samples with excitation
�ux (MBE sample) or temperature (SP samples) can be explained by the model of
heterostructure type of the II for MBE sample and type I for SP samples (Fig. 5.8).
For MBE sample, at higher excitation �ux, the electron in the conduction band of
Si at the Ge/Si interface can absorb a photon (intraband absorption) and transfer
to a higher energy state in the GeNC. As a result, higher energy emission can be
seen at larger excitation �ux. The energy di�erence between the GeNCs conduction
band and bulk Si conduction band in the MBE sample is large, thermal excitation
energy of electrons is not su�cient to bring the electrons from Si to GeNCs. In
this case, no shifting of PL spectra with temperature for MBE sample can be seen.
The di�erence in valence band energy between Si bulk and Ge NCs is larger than
200 meV, while we found the highest value of the shift of only about 50 meV. Thus
getting holes from the valence band of GeNCs into the valence band of Si is less
probable than for electrons in the conduction band in the reverse way. In the type
II heterostructure, the actual bandgap of GeNCs is higher than its optical bandgap
determined by the excitonic emission. We postulate that at higher temperature, the
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Figure 5.8: Schematic illustration of type II heterostructure for GeNCs in Si and

type I for GeNCs in SiO2. In the type II heterostructure, electrons can transfer to

the conduction band of GeNCs at a higher excitation �ux, and eventually recombine

with holes in the valence band. Hence, blue-shift of the PL spectra can be seen. In

the type I heterostructure, hot carriers cool down fast to the ground states and the

energy of the radiative recombination of excitons is independent of the excitation

�ux.

spectral shifting e�ect with excitation �ux will be less than at 4.2 K, as in this case.
This is because of the shrinking of the indirect bandgap at Γ-X points in the Brillouin
zone, as previously discussed. For SP samples, it is commonly known that cooling
of hot carriers in GeNCs, in similarity with SiNCs, takes excitonic recombination
emission comes from ground states of excitons con�ned in type I heterostructure.
This explains why there is no spectral shifting with excitation �ux for the GeNCs
embedded in SiO2 matrix.

5.4 Conclusion

In conclusion, we have observed e�ect of the quantum con�nement of electrons and
holes in GeNCs in Si and SiO2 matrices. Blue-shift of PL spectra from GeNCs
in Si, driven by excitation �ux, is due to contribution of radiative recombination
from electrons in the conduction band of Si matrix to holes in the valence band
of GeNCs, in type II heterostructure. A di�erence in energy between bulk Si and
GeNCs conduction bands in the MBE sample is higher than 50 meV. We also show
that indirect bandgap charater of bulk Ge is preserved in GeNCs. Strong coupling of
exciton to vibrational modes from the GeNCs is con�rmed by observation of phonon
replicas in photoluminescence.




