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GeO> films with germanium nanocrystals (NCs) were deposited from supersaturated GeO vapor with sub-
sequent dissociation on Ge:GeQOsz. The films were studied using photoluminescence (PL), Raman scattering,
IR-spectroscopy techniques. Ge NCs in initial film have sizes about 6-8 nm and have no visible PL signal.
The broad green-red PL peak was detected in Ge:GeO2 films after thermal annealings. According to effective
mass approach, maximum of PL signal from such relatively big Ge NCs should be in IR region. The experi-
mentally observed PL signal is presumably originated due to qusi-direct L;— L} optical transitions “folded” in

germanium NCs.

PACS: 63.22.4+m, 78.40.Fy, 81.05.Ys

The nanometer-sized semiconductor nanocrystals
(NCs), embedded in wide-gap insulating matrices, have
shown significant promises for a wide range of nano-
electronics and optoelectronics applications. Quantum
effects in such hetero-systems become brightly apparent
at room temperature, and because in some experiments
a single NC reveal delta-function-like energy spectra [1]
it can be called quantum dots. So, these heterostruc-
tures are interesting for both fundamental and applied
points of view.

Unlike quite long and well studied Si NCs in porous
Si and SiO, matrix [1-6], very little work has been per-
formed on relative Ge:GeO, heterostructures. A com-
parison of group IV semiconductors (Si and Ge) reveals
that, from the technological point of view, germanium
has several advantages over silicon. First of all, the melt-
ing point of Ge is sufficiently low as compared to Si (940
versus 1420°C), causing lower crystallization tempera-
ture of Ge. The germanium monoxide, GeQ, is volatile
and readily sublimates at sufficiently low temperature
(~500°C), forming the bases for the development of
different technologies utilizing the mass-transfer reac-
tions. Besides, the energy gap values of Ge and Si NCs
become equal when their sizes reach 2.3nm. Further
decrease of sizes down to 1.5nm causes an abrupt in-
crease in Ge gap up to 3eV, which exceeds by 0.7eV
the gap of Si NCs with the same size. This is the rea-
son for an intensive and useful blue shift of Ge-based
light-emitting nanostructures. Ge has a larger exci-
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ton Bohr radius (4.9nm for Si and 24.3nm for Ge).
Thus, the quantum-confinement-related positive effects
in Ge manifest themselves at larger sizes, which can
be reached with less difficulty. The valence and con-
duction bands discontinuities in Ge-GeO3 hetero-system
is favorable for charge carrier injection. This impor-
tant feature can increase the efficiency of the injection-
type devices produced on the basis of Ge-GeO2 system.
Germanium is a high- refractive-index semiconductor
(n = 4.12 at 2.0mkm), valuable for filling the inter-
stitial voids in opals and producing photonic crystals
with a complete photonic band gap. Germanium oxides
and nitrides have higher dielectric constant then silicon
based dielectrics, for example, measured dielectric con-
stant for amorphous GeOs is 5.1-5.3 [7], germanium also
has higher dielectric constant then silicon, so the exciton
binding energy in Ge NCs is smaller then in Si NCs and
limit for “blue-shift” for excitons in Ge NCs is higher
and energy of optical transitions can reach UV diapason.
So, the relatively old [8] obtained, but still not inten-
sively studied Ge:GeQOs heterostructures attract more
attention to researchers recent years [9—-15].

The GeOs films with Ge NCs were deposited on sili-
con substrates from supersaturated GeO vapor with sub-
sequent dissociation of meta-stable (in solid state) Ge
monoxide on hetero-system Ge:GeO;. The scheme of
reactor is shown in Fig.1. The reactor contains evapo-
ration zone A and deposition zone B. The growth rate
depends on gas flow, GeO vapor partial pressure and
temperature of substrates. The bearing gas is Ar with
impurities of Oz and H2O. Oxygen and water reacts with
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Fig.1. The scheme of growth reactor. 1 — quartz tube; 2 —
Ge plates; 3 — substrates for Ge:GeO> films

Ge plates in evaporation zone with formation of GeO gas
according to chemical reactions:

2Ge (solid) +0, (gas) — 2GeO(gas),

Ge (solid) +H,O (gas) - GeO(gas) + H, (gas).
(1)
The pressure of GeO gas in deposition zone is higher
than saturation pressure, and GeO precipitate on sub-
strate in the deposition zone. The solid GeO films is
meta-stable and decompose in Ge and GeO3 at relatively
low temperatures (about 350°C and higher) according
to reverse chemical reaction:

2GeO(solid) — Ge(solid) + GeO,(solid). (2)

Depending on growth condition one can obtain GeOj
films with amorphous Ge nanoclusters or Ge NCs.

The obtained films were studied with the use of
photoluminescence (PL) spectroscopy, Raman scatter-
ing spectroscopy, IR-spectroscopy techniques. Experi-
mental Raman spectra were registered in quasi back-
scattering geometry, the 514.5nm Art laser lines was
used. The PL spectra were registered at room and low
temperatures using cw HeCd (325nm), Art (488nm
and 514.5nm lines) He-Ne (633 nm), pulse N3 (337 nm)
lasers and mercury lamp for pumping. The normal in-
cidence IR absorption measurements were carried out
with a resolution of 4cm~!. Some samples were an-
nealed in high-vacuum quartz tube with a tubular oven.
The heating rate was 10°Cmin~'. When the annealing
temperature was reached, the oven was removed and
the films cooled naturally. To avoid the evaporation of
Ge:GeOs, films its was covered by cap layer from 50nm
thick SiO» deposited at temperature 100 °C and pressure
equal to 108 Torr using electron beam gun evaporation
of silica.

Figure 2 presents the IR absorption spectrum of ini-
tial Ge:GeO, film in range from 700 to 1200cm . The
observed peak is assigned to Ge-O-Ge stretching vibra-
tion mode. It is known, that in GeQ, films this peaks
approximately linearly shift from about 820-830cm !
for z = 1 to about 870-880cm ™! for z = 2 [11,16]. The
experimental peak position (Fig.2) is about 870-880 cm-
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Fig.2. IR absorption spectrum of the initial Ge:GeO> film

1, so, one can assume, that even initial film (deposited
from supersaturated GeO vapor at substrate tempera-
ture about 500-550°C) is totally dissociated on Ge and
GeOz.

The Raman spectra of the initial and annealed films
are shown in Fig.3. One can see the Raman peak due
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Fig.3. Raman spectra of as deposited Ge:GeO» film (cov-
ered by 50 nm thick SiO» cap layer) and films annealed at
different temperatures (T,)

to scattering on optical phonons confined in Ge NCs in
Raman spectra. It is known, that Raman signal from
amorphous Ge is a broad peak with maximum at 270-
280 cm~!. The Raman signal from crystalline Ge is nar-
rower peak with position depending on NCs sizes. The
confinement effect shifts the position of Raman peak
to low frequencies from bulk-Ge Raman peak position
(about 300.3-300.5cm~1). So, from Fig.3 one can see
that in initial Ge:GeO2 film practically all Ge clusters
were crystalline. The NCs sizes can be estimated from
position of Raman peaks [10,17]. We use the model
of efficient density of folded vibration states in NCs of
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spherical shapes [18]. According to dependence of Ra-
man peak position from NCs diameter [17], the diameter
of Ge NCs is about 6-8 nm. It should be noted, that the
Raman peak width is mainly defined by dispersion of
NCs sizes, and the size dispersion in our case is rela-
tively small, but we could not quantitatively define this
dispersion. One can see very small shift of Raman peaks
with annealing (thin line is drawn for convenient). It can
be caused by some ordering of Ge-GeQO5 interface and
also by annealing of defects in Ge NCs.

According to theoretical calculations of quantum
confinement effects in Ge NCs with the sizes 6-8nm,
the maximum of PL signal should be in range 1.0-0.8eV
[19]. Our simple effective-mass approach model [10] also
gives similar values. So, to study the PL signal we used
IR-region PL setup with monochromator equipped with
a 600 grooves/mm grating and InAs cooled photodiode
as a detector. HeNe (633nm) and HeCd (325nm) cw
lasers with power about 30 mW were used for excita-
tion. For study PL in visible diapason we used other
PL setups — one equipped by mercury lamp as an exci-
tation source and silicon based CCD line as a detector
and second with Art- and N,-lasers for excitation and
multi-alkaline photomultiplier tube as a detector.

The PL spectra in visible and IR diapason of the ini-
tial and annealed films are shown in Fig.4. In region
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Fig.4. Room temperature PL spectra in visible diapason of
as deposited Ge:GeO2 film (covered by 50 nm thick SiO2
cap layer) and films annealed at different temperatures
(T.). Inset — PL spectrum of the as deposited film in IR
diapason measured at 4 K

near 1.1eV at temperature 4K we saw only peaks due
to recombination in free and bound excitons in Si sub-
strate, because our Ge:GeO, film with thickness about
50nm was semi-transparent even in UV diapason. In
diapason 0.8-1.0eV we have observed two peaks (see
insert in Fig.4). But intensity of this peaks increase

with decreasing of thickness of our initial films and also
was more intensive in the case of HeNe laser excita-
tion comparing with HeCd laser excitation. So, one can
assume, that these peaks have origination from silicon
substrate. And really, we ascertained that our silicon
substrates contain dislocations, which can be irradia-
tive recombination centers, and position of our peaks
good coincide with well-known D1 (1523 nm) and D2
(1420nm) peaks [20] (see inset in Fig.4, PL spectrum
of initial Ge:GeO film was excited by HeCd-laser). To
grow our film on clear “fresh” surface we used silicon
substrates with thick thermal silicon dioxide (used as a
cap layer), which we had removed by HF acid immedi-
ately before the film deposition. Obviously, the thermal
oxidation of silicon at very high temperatures had cre-
ated the dislocations in our substrates. The PL signal
from dislocation at low temperatures is relatively high,
so we could not see PL signal from Ge NCs even if we
had any. The PL peaks D1 and D2 have some different
temperature dependence but both were diminished to
zero at temperatures higher than 40 K. At temperatures
40K and higher we had not observed PL signal (which
can be associated with Ge NCs) in IR diapason.

According to theoretical calculations, radiative life-
time in Ge NCs of spherical shape with diameter 6—-8 nm
should be quite large — about 102 second [19]. So, if
we have nonradiative recombination centers with much
shorter lifetime, the radiative recombination would be
negligible. In Ge NCs such centers can be defects in-
side NCs, interface defects and molecules of water. It
is known, that GeO; films and low temperature porous
SiO; films can absorb H>O molecules and evaporate it
during thermal annealings [21]. Using the thermal an-
nealing we have tried to anneal defects, to evaporate
water and to order the Ge NCs — GeO, matrix inter-
face. To avoid the evaporation of Ge:GeO films its was
covered by cap layer from 50 nm thick SiOs. Using PL
setup equipped with mercury lamp we have observed
some week PL signal in green region, but parasitic lines
of mercury lamp do not allow us to study it accurately.
So, we used ArT laser excitation and results are pre-
sented in Fig.4. After annealings the green-red PL sig-
nal appears (the blue-green 488 nm Ar*-laser line was
used for excitation). The power of this cw Ar-laser line
was 200mW. The laser spot in the sample was about
200 micrometers, so the density of excitation was about
5-10'> W/m?. One can see in spectra small peak from
514.5nm Art-laser line (marked by triangle). When we
used the last line for excitation, similar PL signal was
observed. It should be noted that the intensity of signal
was 3-5 times lower comparing with PL signal from ref-
erence sample — 75 nm thick SiO; films with Si NCs with
2009
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sizes about 5nm (similar samples were studied in work
[5] — PL signal in 750-780 nm was observed). When
we used for excitation UV pulse laser (N,, wavelength
337nm) the signals from Ge:GeO; films were very low,
several orders less than signal from the reference sam-
ple. It is also important to mention, that we have refer-
ence Si/SiOs sample (the SiO, film was deposited on Si
substrate without Ge:GeO; film in the same process —
“side-by-side”) and we have no PL signal for this sam-
ple.

If the observed PL signal (2-2.4eV) was from quasi-
direct excitons in Ge NCs, the sizes of NCs should be
about 2nm [19]. As it was mentioned above, according
to our Raman data and also according to direct electron
microscopy data for samples grown in similar conditions
[17], average diameter of Ge NCs in our case is 6-8nm.
So, one can assume, that we have PL assisted with some
defects in GeOy matrix or Ge-GeQ interface, or some
other excitations in Ge NCs. However, GeO> film ob-
tained by Ge oxidation (without Ge NCs) has no PL in
this region. Paying attention to band structure of bulk
Ge (for example Fig.1 in work [19]), one can see that en-
ergy of direct transition between L-valleys for electrons
and holes is about 2.1eV. From this energy of photons
the abrupt growth of light absorbance takes place. In the
case excitation of bulk Ge, the holes relax very fast to I'-
valley emitting acoustical and optical phonons through
continuous energy band states. In NCs electron (and
phonon) states is discrete, not continuous, and such re-
laxation can be not very fast, and part of holes can
radiative recombine with electrons through direct tran-
sitions in L-valleys. The similar effects of phonon “bot-
tleneck” were theoretically studied in work [22]. Also,
because the average quasi-pulse of electron and holes in
NCs is zero (localized, standing waves), the 4 L-valleys
is “folded” and electrons and holes from all that val-
leys can recombine, so probability of such processes can
be compared with probabilities of nonradiative transi-
tions. It can be presumable explanation of observed PL
signal in our case. Some shift (compared to bulk Ge
L;— LY transition energy) can be due to quantum- size
effects. The broad PL peak can be due to Ge NCs size
dispersion, and also due to complex energy structure of
discrete electron states in relatively big Ge NCs. In this
approach, the Ge NCs can be the traps both for elec-
trons and for holes and can be used in Ge based flash
memory devices [23]. For accurateness’ sake it should be
mentioned, that blue-green PL (with maximum about
2.4eV) in relatively similar hetero-system (Ge NCs in
Si0y matrix) is usually associated with defect-related
PL ([19] and references in it). In our case we have max-
imum PL about 2-2.1 eV, but, it should be noted, that at
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temperature 600 °C and higher the intermixing of SiO,
and GeO; films can begin with forming of Ge;Si(;_5)O2
thin layer and origination of PL signal from this layer
can be also possible. In further studies, the proposed
mechanism of PL should be tested using the GeO, films
with bigger and smaller Ge NCs.

So, the optical properties of GeO2 films with Ge NCs
with average sizes 6-8nm (according to Raman data)
were studied, the green-red PL was observed for sam-
ples annealed in high vacuum. The annealings can im-
prove structure of the Ge NCs and its interface. The
mechanism of direct radiative transitions for confined
in the NCs electrons and holes (its wave functions are
originated from L valleys of bulk Ge) is proposed for ex-
planation of experimental effect. The GeOs films with
Ge NCs can be perspective for using in opto-electronics
and for quasi-non-volatile MOS memory.
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