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INFRARED PHOTOLUMINESCENCE FROM GeSi NANOCRYSTALS
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We investigate the structural and optical properties of GeO/SiO2 multilayers obtained by evaporation of GeO2
and SiO2 powders under ultrahigh vacuum conditions on Si(001) substrates. Both Raman and infrared ab-
sorption spectroscopy measurements indicate the formation of GeSi nanocrystals after post-growth annealing
at 800 °C. High-resolution transmission electron microscopy characterizations show that the average size of the
nanocrystals is about 5 nm. For samples containing GeSi nanocrystals, photoluminescence is observed at 14 K
in the spectral range 1500-1600 nm. The temperature dependence of the photoluminescence is studied.
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1. INTRODUCTION

Semiconductor nanocrystals (NCs) embedded in di-
electric matrices have gained considerable scientific in-
terest during the last decade. The investigations were
mainly driven by potential applications in novel na-
noelectronic and/or optoelectronic devices. Nanocrys-
tals are characterized by physical properties that are
significantly different from those of the bulk counter-
part materials. For example, Si NCs embedded in a
SiOs matrix are known to emit light in the visible—
near-infrared at room temperature [1,2] while bulk Si
is unable to emit light. The Si NC related photolumi-
nescence (PL) is well explained by charge carrier con-
finement in the NCs. In most cases, the optical prop-
erties of statistical ensembles of Si NCs were studied,
leading to the observation of rather broad PL spectra
exhibiting a full width at half maximum of a few hun-
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dreds of meV even at low temperatures. It was shown
in [3] that single Si NCs are characterized by extremely
narrow emission lines at low temperatures, thus demon-
strating that Si NCs can be regarded as real quantum
dots. While Si NCs have been extensively studied dur-
ing the last decade, much less work was devoted to Ge
NCs [4-8]. This is quite surprising because Ge NCs
have several advantages compared to silicon NCs. Ger-
manium has a lower melting point and consequently
lower crystallization temperature than silicon. More-
over, germanium has a larger exciton Bohr radius (5 nm
for Si and 24 nm for Ge). Finally, the band alignment
in Ge/GeOy and Ge/GeSiO, heterostructures is in fa-
vor of charge carrier injection. This important feature
can increase the injection efficiency for optoelectronic
devices based on the Ge/GeO» system. Only a few
works are concerned with GeSi NCs embedded in di-
electric matrices [9,10]. The properties of Ge,Si(_y)
NCs are known to depend on the stoichiometry param-
eter z and on the NC size. Different techniques have
been used to elaborate Ge, Si(1_,) NCs including either
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Ge and Si implantation in SiO, films and subsequent
annealing [11] or co-evaporation of Ge, Si, and SiO» by
radio-frequency sputtering [9].

2. EXPERIMENTAL

In this paper, we investigate the structural and op-
tical properties of GeO/SiO2 multilayers obtained by
alternating evaporations of GeO, and SiO, powders
in high vacuum (10=% Torr) onto Si(001) substrates
heated to 100°C. The deposition rate of 0.1 nm/s
was controlled by a quartz microbalance. The sam-
ple containing 10 periods of GeO(4 nm)/SiO2(4 nm)
was covered by a 100 nm thick SiOs cap layer. The
sample was annealed at 800°C in a quartz tube in
high vacuum (the heating rate was 10°C-min~!) du-
ring 30 minutes, after which the oven was removed
and the films cooled down naturally. The stoichiom-
etry of the layers was determined using infrared ab-
sorption spectroscopy. A Fourier transform infrared
(FTIR) spectrometer FT-801 with the spectral resolu-
tion of 2 em ! was used. Raman spectra were recorded
in the back-scattering geometry and the 514.5 nm Art
laser line was used as the excitation source. The opti-
cal properties of the as-deposited and annealed samples
were investigated by photoluminescence spectroscopy.
A laser diode emitting at 488 nm was used to excite
the luminescence. The PL spectra were measured us-
ing a monochromator with a grating of 600 lines/mm
and a liquid nitrogen cooled InGaAs detector. All PL
spectra were corrected from the response of the detec-
tor. The temperature dependence of PL was studied
using a cryostat, the stability of the temperature was
+0.5 K. The procedures used for the growth and for
measuring the PL are described in more detail else-
where [10, 12]. The structural properties of the samples
were investigated by transmission electron microscopy
(JEM-2200FS, 200 kV accelerating voltage) using the
high-resolution electron microscopy (HRTEM) and the
energy dispersive spectroscopy (EDS) modes. Cross-
sectional specimens were conventionally prepared by
mechanical polishing with the use of Leica EM TXP,
followed by ion milling.

3. RESULTS AND DISCUSSION

Figure 1 shows the IR absorption spectra of both
as-deposited and annealed samples. We note that the
Si substrate was used as a reference when measuring IR
transmission spectra. The spectra are dominated by a
main line at about 1070-1080 cm ™!, which may be as-
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Fig.1. IR absorption spectra of as-deposited and an-
nealed GeO/SiO» multilayers. Inset: View of the as-
deposited multilayer structure

cribed to the Si-O-Si stretching mode in the SiO, lay-
ers [13]. Another peak is observed at 805 cm~! for the
as-deposited sample. It may be due to the Ge-O—-Ge
stretching vibration mode [4, 14]. In the case of GeO,
films, this peak is known to shift approximately linearly
with the stoichiometry parameter x [4,15]. A relation
between the vibration frequency w and the stoichiom-
etry parameter = was established in [15] in the form

w (em™) = 72.4x + 743.

In our case, the experimental peak position for
the as-deposited sample is about 810 cm™'. We can
therefore conclude that the GeO, films deposited at
100°C have a stoichiometry close to that of germa-
nium monoxide. Finally, a weak peak is observed at
940 cm~'. It may correspond to Ge—O-Si vibrations.
After annealing at 800 °C for 30 min, the Ge-O-Ge-re-
lated peak vanishes and the Ge-O-Si-related peak
shifts to higher wavenumbers. This observation in-
dicates that both SiOs and GeO layers have inter-
mixed, leading to the formation of germanium silicate
GeySi(l,y)OQ.

The cross-sectional HRTEM image of the annealed
sample is shown in Fig. 2. We can clearly recognize
the formation of a layer of NCs surrounded by an
amorphous matrix. The average NCs size is about
5 nm. The NCs are also observed in the upper part of
the structure, but their distribution is not ordered. We
then perform a chemical mapping for Ge using EDS.
The inset in Fig. 2 shows the occurrence of two bright
bands indicating two different locations for Ge atoms.
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The first band at the right corresponds exactly to the
layer containing the NCs. The second band at the left
may be due to Ge accumulation at the Si/SiO» inter-
face. A similar observation was already made in Ge™
implanted Si/Si05/Si heterostructures [16].

Figure 3 shows the Raman spectra of both as-de-
posited and annealed samples. Since our samples are
semitransparent, the Raman signal originating from the
Si substrate can be observed in the studied spectral re-
gion. It is known that there are peculiarities in the
range 300-420 cm ! of Raman spectra that are due to
two-acoustic-phonon scattering in Si substrate [17]. To
suppress the background from the Si substrate, its Ra-
man spectrum was subtracted from the Raman spect-
ra of the samples. The Raman spectrum of the as-
deposited sample does not show any peak originating
from Ge—Ge bond vibrations. Therefore, the as-depo-
sited sample does not contain Ge clusters. After an-
nealing at 800 °C, we can see sharp peaks at 300 cm™'
originating from Ge-Ge vibrations and at 417 cm™
due to Ge-Si vibrations. By comparing the relative
intensities of these peaks [10,18] using the formula
IgeGe/Igesi = Bx/2(1 — x), we can estimate the av-

1

erage composition of Ge and Si in the NCs. It was ob-
served in [18] that the parameter B (the ratio of Raman
cross-sections for Ge-Ge and Ge-Si bonds) depends on
stoichiometry. In our case, B = 1.8 and from the ex-
perimental spectrum, we have Igege/lgesi = 1.5, and
hence we can conclude that NCs have the average com-
position Geg Sig.4. For nonstressed (totally relaxed)
Geg.6Sig.4 solid alloys, the position of the Ge—Ge peak
should be 290 cm =1 [18]. Tt is known that due to anhar-
monicity, the stiffness of distorted bonds is altered and
the phonon frequencies change their values. To calcu-
late the dependence of phonon frequencies on the strain
tensor, the knowledge of anharmonicity parameters is
required. This problem was solved for crystals with
a diamond-type lattice [19]. With the anharmonicity
parameters (in the high-symmetry cubic-lattice crys-
tal introduced into the equations for the force matrix,
there are only three such parameters, to be referred to
below as p, ¢, and r), the phonon frequencies at the
center of the Brillouin zone can be obtained from the
so-called secular equation. The determinant of the re-
sulting matrix [19, 20] should be equal to zero:

PEzz + q(syy + 622) - A 27‘611; 2reg .
2regy Peyy + ¢(Exz +E22) — A 2rey. =0. (1)
2re,. 2rey. Pezs + q(Ean + Eyy) — A
Here, ¢, are the components of the strain tensor, A = find the strain egg = —0.0125, or the compressive

= 0% — w2, O is the phonon frequency in the strained
crystal, and wq is the phonon frequency in the strain-
free crystal. The difference between Q and wy (AQ)
being small, the phonon frequency shift AQ can be ex-
pressed as AQ = \/2wy. In the case of a hydrostatic
strained crystal (g4, = €yy = .. = emg) without
twisting and shifting (e, = €42 = €z = 0), Eq. (1)
can be solved:

2eq+ep— A =0. (2)

For the frequency shift of the phonon modes with re-
spect to the unstrained crystal, we then obtain

“o q p

AQH5N D) o
0 0

(3)

For Ge, the parameters are p/w3 = —1.47, q/w3 =
= —1.93, and wy = 301.3 cm ! [19]. Hence, for hyd-
rostatic stressed Ge we have AQpys = —803s. The
anharmonicity parameters for Si and Ge are similar,
and therefore, if we assume that these parameters are
the same for GeSi solid alloys as for Ge, from the
experimental shift of the Ge-Ge peak (10 cm™!) we

strain 1.25 %.

The inner structure of the NCs is a problem for fu-
ture investigations, and we can also assume that the Ge
NCs have a Ge-rich core and a GeSi shell. Because the
position of Raman peaks depends not only on the size
of NCs but also on the stoichiometry [21], we cannot
estimate the size, as it was done in [22].

Figure 4 shows low-temperature PL spectra of the
annealed sample. The as-deposited sample does not
show any PL in the IR region, and the corresponding
spectrum is not shown. We can see a broad peak with a
maximum at 1555 nm (~ 800 meV) and a narrow peak
with a maximum at 1613 nm (769 meV). The nature
of the narrow line is not clear; presumably, it can be
due to GeSi/Ge,Si;_, 0, interface states. This topic
requires further research. The broad PL band is quite
similar to the well-known PL from Ge/Si quantum well
or QD structures [23,24]. The PL intensity increases
slightly when the temperature increases from 14 K to
30 K. When the temperature further increases from
30 K to 80 K, the PL intensity decreases and eventually
quenching occurs at temperatures higher than 80 K.
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Fig. 2.

HRTEM cross-sectional image of annealed
GeO/SiO2 multilayers. Inset: EDS map obtained for
the Ge signal

It is known [25] that bulk GegSig.4 solid alloys
have the energy gap 0.95 eV (1300 nm). The com-
pressive strain leads only to enlargement of the energy
gap [25], and the quantum-size effect also leads to an
increase in the energy gap [6-9]. Therefore, the ob-
served peaks (1555 and 1613 nm) can be related to
defect-connected optical transitions or to optical tran-
sition in Ge-GeSi heterostructures (like core-shell), as
we show in Fig. 5. If we suppose the core—shell struc-
ture, the offset of band gaps of Ge and GeSi leads to the
possibility of optical transitions with the energy lower
than the GeSi band gap (arrow Rad in Fig. 5). The
temperature dependence of this transition can have an
Arrhenius-like dependence due to the small barrier on
the interface for holes localized in the Ge core. This
barrier can be caused, for example, by Coulomb in-
teraction with the charge image on the interface. As
supposed above, the narrow peak at 1613 nm can be
related to the optical transition between an electron in
the GeSi shell and interface states on the GeSi/GeSiO-
interface (arrow Rad? in Fig. 5). We note that the sur-
rounding GeSiO, matrix is amorphous, and therefore
has numerous defect states deep in the band gap and
Urbach tailes in the density of states. We can suppose
that there are possibilities for tunneling of electrons
and holes localized in NCs and their nonradiative re-
combination (arrows NR in Fig. 5). It is known that
the tunneling probability can depend on temperature,
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Fig.3. Raman spectra of as-deposited and annealed

GeO/Si0O2 multilayers

because the distance between tunneling-coupled centers
depends on the amplitude of vibrations [26-28].

The evolution of the PL intensity as a function of
temperature is shown as an inset in Fig. 4. The in-
tensity is plotted in a logarithmic scale. Once the ex-
citons are photogenerated, there is a competition be-
tween radiative processes and nonradiative relaxation
of the photoexcited charge carriers [26,27]. The PL
intensity can be written as

Cl4e L (Ten (T

rad

I(T) (4)
where e,.q and e, are the radiative and nonradiative
recombination rates, and I depends on the concentra-
tion of radiative centers, the excitation photon flux, and
the transition coefficient of the emitted photon from
the film to air. We can assume that the dependence
of the radiative recombination rate on temperature fol-
lows the Arrhenius law [26,27], i.e., €pqa(T) o< e~ Ta/T
(where Ty, is the activation energy expressed in Kelvin).
Since the experimentally measured PL intensity is
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Fig.4. Photoluminescence spectra of annealed GeO,/SiO2 multilayers. Inset: Experimental and calculated temperature
dependencies of the PL intensity

rather low, the ratio of e,, to e,qq is much greater
than unity. Equation (4) can therefore be simplified to

I(T) = Iyeraa(T)en (T, (5)

Finally, we can assume that the temperature depen-
dence of the nonradiative recombination rate is defined
as eny(T) o< eT/TB | where T} is the Berthelot tempera-
ture [27-32]. This equation has been successfully used
to describe the evolution of the PL intensity originating
from amorphous Ge quantum dots [33]. Equation (5)

then becomes

All parameters Iy, T,, and Tg were obtained by fit-
ting the experimental data (see the inset in Fig. 4). The
best fit was obtained with 7, = 20 K and T = 26 K.
We note that there is no correspondence between the
calculated and experimental data if the nonradiative
recombination rate also follows an Arrhenius-like law.

The experimental and calculated data are similar to
the PL temperature dependence observed for pure-Si
NCs embedded in SiO» [28]. This fact seems to indi-
cate that the broad PL band can be related to radiative
recombinations occurring in GeSi NCs. This is further
supported by the following argument. We have grown
a sample consisting of 100 nm GeO followed by 100 nm
of SiO5. This structure, which was annealed in the

T T,

T T (6)

I(T) = Iyexp {

GeSiO,
Core
strained Ge
< =
Rad? NR
ad! Rad  —
A
NR
-
R — Shell
GeSi

Fig.5. Supposed scheme of radiative and nonradiative
transitions

same conditions as the GeO/SiO, multilayers were, is
characterized by a weak Ge-Si peak in the Raman spec-
trum [10]. Since there is no formation of GeSi NCs in
this sample, the Raman peak rather indicates that the
Ge-Si alloying occurs at the Si/GeO interface and at
the GeO/SiO, interface. We further note that no PL
is observed in the spectral range 1500-1600 nm for the
100 nm GeO/100 nm SiO» film. We can therefore con-
clude that the observed PL in GeO/SiO» multilayers
is not due to a thin Ge-Si-alloyed layer at the Si/GeO
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interface but can indeed be attributed to radiative re-
combinations of charge carriers in GeSi NCs.

4. CONCLUSIONS

We have investigated the formation of GeSi NCs
in annealed GeO/SiOy multilayers. Post-growth an-
nealing at 800 °C is sufficient to induce the formation
of Geg.gSip.s4 NCs having a size of about 5 nm. At
low temperatures, we have observed luminescence in
the spectral range 1500-1600 nm originating from
radiative recombinations in GeSi NCs. PL quenching
is observed for temperatures above 80 K. The temper-
ature dependence of the PL intensity can be described
well if we assume that the nonradiative recombination
rate is of a Berthelot type.
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out with support of Russian Federation State Cont-
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