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Synthesis of self-assembled Ge nanocrystals employing reactive RF sputtering
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This work presents the results of a simple methodology able to control crystal size, dispersion and spatial distribution of germanium nanocrys-
tals (Ge-NCs). It takes advantage of a self-assembled process taken place during the deposit of the sy&katSEN by reactive RF

sputtering. Nanoparticles formation is controlled mainly by the roughness of the firsi&8i€r but the ulterior interaction of the interlayer

with the top layer also play a role. Structural quality of germanium nanocrystals increases with roughness and the interlayer thickness. The
tetragonal phase of germanium is produced and its crystallographic quality improves with interlayer thickness and oxygen partial pressure.
Room temperature photoluminescence emission without a post growth thermal annealing process indicates that our methodology produces a
low density of non-radiative traps.
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1. Introduction ferent film growth techniques such as molecular beam epi-
taxy, metal organic chemical vapor deposition and sputtering;
Even when semiconductor science had a strong developmeiit general the growth mechanism of the nanoparticles is the
when high purity crystals of germanium were produced thgdroduction of islands through the Stranski-Krastanov mech-
technological application of germanium was hindered beanism trying to optimize the control on the size and spatial
cause the lack of a native oxide adequate for device fabricadistribution of nanocrystals [15,16].
tion [1]. However taking advantage of its high intrinsic mo-  As a semiconductor of the IV group germanium is easily
bility and silicon compatibility the fabrication and techno- compatible with the dominant silicon technology and because
logical application of heterojunction bipolar transistors haveits band gap and dielectric properties the synthesis of ger-
been successful implemented and the research of new of garanium nanopatrticles is interesting for applications in pho-
manium based devices actively pursued [2]. Besides of theovoltaics [17], charge storage [18] and also as improving
research for a direct application of germanium layers in theslement in thin film capacitors [19]. There are several ap-
production of electronic devices there is interest in to em{proaches for the production of germanium nanoparticles but
ploy it as buffer layer for the integration of the matures because of the interest of this work we just mention some of
silicon-based electronics and 11V optoelectronics technolothose using Ge nanoparticles embedded within,Siltns.
gies [3-4]. As for any other material the promise of the nan-The methods that have been suggested employ direct ion im-
otechnology revolution has arouse a huge interest for the prgslantation of Ge in Si@ films and sputtering modifications
duction of Ge nanoparticles. The potential for applications ofusing germanium pieces glued on a silicion target or sepa-
the nanoparticles depend on the specific characterists of maated targets of SiQand Ge [20,21]; however those meth-
terials. There are semiconductor nanoparticles with poteneds have the disadvantage of requiring an additional thermal
tial as biological markers [5-7], in the manufacture of stor-annealing process to promote germanium nucleation to the
age devices [8-10], light emission and detection [11-13] orformation of nanoparticles. Our approach allows the growth
fabrication of optoelectronic and photovoltaic devices [14].of self-assembled germanium nanoparticles employing a se-
Nanoparticles production has been carried out employing difgquential deposition of SigdGe/SiG; layers using the rough-
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TABLE |. Growth conditions for three groups of samples.

Ge OPP 25% OPP33% OPP50% OPP66% OPP75%
thickness Sample Sample Sample Sample Sample
~2.3nm OPPGe25Th23 OPPGe33Th23 OPPGe50Th23 OPPGe66Th23 OPPGe75Th23
~4.7 nm OPPGe25Th47 OPPGe33Th47 OPPGe50Th47 OPPGe66Th47 OPPGe75Th47
~7.2nm OPPGe25Th72 OPPGe33Th72 OPPGe50Th72 OPPGe66Th72 OPPGe75Th72

ness of the first SiQlayer, produced due to the parametersinfrared (IR) transmission spectra were obtained with a Nico-
employed during the sputtering process, as a template for tHet 750 FTIR system. The crystallographic properties of the
Ge-NCs. This methodology, reported in previous works, issamples were studied by grazing incidence X-ray diffraction
employed here to shown the capability to control crystal sizeat 1.5 degrees carried out in a Siemens D5000 system em-
dispersion and spatial distribution of self-assembled germaploying the Cu kv wavelength. Photoluminescence mea-
nium nanocrystals (Ge-NCs) through the thickness of the geisurements were done employing a lock-in standard technique
manium layer in the structure Si%e/SiG, [11,22]. There- using a 275 M Acton single spectrometer equipped with a
ported results shown as the employed growth conditions alt200 lines/mm grating blazed at 500 nm and a silicon pho-
low the control of the crystalline phase, size and spatial distomultiplier as a detector; the width of both slits was set at
tribution of the self-assembled Ge-NCs. 100um. The excitation source was a 473.8 nm diode pumped
solid-state laser.

2. Experimental details
3. Results and discussion

A set of SiG/Ge/SiG heterostructures were deposited se-
quentially employing RF sputtering. The deposition char-Figure 1(a), shows AFM micrographs of representative sam-
acteristics allowed the formation of self-assembled germaples from a SiQ thin film grown on the silicon substrate. Itis
nium nanocrystals embedded in a silicon oxide matrix. Theassumed that those characteristics would be reproduced in the
Si0,/Ge/SiG heterolayers were grown at 40D on p-type  first layer of the heterostructure Si®e/SiG. In Fig. 1(b)
Si (1 1 1) substrates by the RF magnetron sputtering techtis shown the root mean square roughness (RMS roughness)
nique, employing polycrystalline silicon and germanium tar-as a function of the OPP employed. Surface roughness acts
gets (both 99.999% pure). The heterostructures were growas a template to promote the formation of Ge nanoparticles
as follows: initially a layer of Si@ was deposited, then a because of the natural germanium accumulation in the val-
thin layer of Ge, and on top of it another SiGayer. After  leys and accelerated erosion on the hills of the surface. Also,
the deposition of each layer the plasma was turned off ands it will be shown, roughness modulates the size and distri-
the chamber evacuated until a pressure ar@umd 0% Torr ~ bution of nanoparticles. As expected the roughness increases
was reached. Roughness of the silicon oxide films was modwith increasing OPP, which is related with re-sputtering pro-
lated employing the following oxygen partial pressure valuesesses on the Sihin layer due to the higher reactivity of
(OPP = oxygen pressure/ oxygen pressure + argon pressurée plasma [23]. Samples were organized in three sets using
25%, 33%, 50%, 66% and 75%, during the sputtering prothe interlayer germanium thickness as identifier, as shown in
cess. The Ge layer was grown employing an Ar atmospherdable .
During the growth of the heterostructure total gas pressure Figure 2 shows X-ray diffraction (XRD) patterns of sam-
in the chamber was kept constant at 20 mTorr. The thickples deposited employing the different germanium thick-
ness of the layers was controlled through the deposition timenesses grouped under OPPGe25, OPPGe50 and OPPGe75.
15 min for the deposition of each silicon oxide layer and 1, 2Those from OPP30 and OPP66 are omitted because their sim-
and 3 min for the Ge interlayer. RF power applied to the sili-ilarity with OPP25 and OPP75 respectively. Because the em-
con and the germanium targets was 100 W and 15 W, respeployed methodology it is expected the presence of silicon and
tively. When the growth was finished, the samples were kepgermanium related compounds. Thus diffraction peaks were
inside the system until room temperature was attained. Thisadexed using powder diffraction files 040545 for cubic Ge
thickness of Si@/Ge/SiG, samples was aroung 200 nm.  (C-Ge), 1805749 for tetragonal Ge (T-Ge), 0271402 for cu-
The typical deposition rate for germanium thin layers grownbic silicon (C-Si) and 361463 for hexagonal GeO
at similar conditions{ 0.04 nm/s) would give thicknesses For the whole set of samples, the presence of diffraction
around~ 2.3 nm, 4.7 nm and 7.2 nm for the germanium in- peaks associated to silicon and cubic germanium is observed.
terlayers, considering a linear rate deposition. For germanium the most prominent is the corresponding to

The surface topography for SiQeference samples was the plane (111) observed at?2idpon a broad structure asso-
carried out by atomic force microscopy (AFM), employing ciated to an amorphous contribution. The peaks observed at
an Autoprobe CP Research microscope in contact mode. ThE.3 and 53.7 correspond to the planes (22 0) and (31 1)
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FIGURA 2. XRD of the SiQ/Ge-NCs/SiQ samples at OPP25%,
OPP50% and OPP75% for whole set of thicknesses of Ge inter-
layer. a)~2.3 nm (Th23), b)~4.7 nm (Th47) and c}7.2 nm
(Th72), respectively.

. ness of germanium interlayer adds an additional interest to
i our deposition methodology.
) As the germanium interlayer thickness increases, the
_— presence of contributions associated with the tetragonal ger-
' manium phase is evident in the XRD patterns indicating a
higher formation of material with this crystallographic orien-
tation. A close analysis of Fig. 2 shows that OPP also plays
a role in the formation of the cubic or the tetragonal germa-
& nium phases; growth conditions at OPP50 could be associ-
LS ated to a transition point in the crystallographic characteris-
T T T T T tics of germanium nanocrystals. In Fig. 2 it is clear that
20 30 40 50 60 70 80 as OPP increases the broad peak &t @3PPGe25) disap-
OPP (%) pears giving place to slender peaks, located at*4ansl 5T,
indicating an increase in crystallographic quality. The fact
FIGURA 1. a) AFM micrographs of some representative $ief- that diffraction peak intensity is proportional to the amount
erence samples: OPP66% and OPP75%. b) RMS roughness \af diffracted material allows establishing that the increase in
OPP graph. crystalline quality and percentage of tetragonal phase is done
to expenses of cubic germanium phase. It is supported with
this phase. It is worth to note that the XRD patternsthe results shown in Fig. 3 where the total area under the
from samples with the thinnest germanium interlayer onlydiffraction peaks of the cubic and the tetragonal phases are
show the presence of germanium cubic phase. The diffraglotted. The increase of the area under the peaks associated
tion peaks located at 25.8and 38 corresponding to the with tetragonal phase as OPP increases is clearly observed. A
(1 01) and (1 0 2) diffraction planes of hexagonal Ge® first approximation to explain the presence of the tetragonal
spectively. The diffraction peaks observed at 48°, 47.5 phase of germanium is to consider the behavior of the elastic
and 5T are identified as diffractions from the planes (3 1 0),properties of Ge and SiQduring the cooling process from
(102), (301) and (2 2 2) of tetragonal germanium. The400°C to room temperature. However, since the germanium
presence of the tetragonal phase of germanium, reported adiaear expansion coefficients is an order of magnitude larger
high pressure phase, whose presence depends on the thitkan that of silicon oxide dg. ~ 5.8 x 107% °C~! and

RMS Roughness (nm)
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FIGURA 4. IR transmittance spectra of Si{Ge-NCs)/SiQ het-
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suggested that an annealing process is responsible of its crys-
tallographic characteristics. It is worth to mention that Jon-
napoulest al. [26] have suggested that there could be a close
relationship between electronic properties of amorphous ger-
manium and its tetragonal phase, because of the similitude in
short range order between them. On the other hand, the pres-
ence of high pressure phases can be expected theoretically in
nanoclusters due to bond contractions [27].

The diffractograms presented in Fig. 2 allow stablish-
ing an additional feature of the employed growth process:
rougher surfaces produce nanocrystals with higher crys-
talline order. In order to obtain further information about the
nanocrystals formed their vibrational properties were studied
by infrared spectroscopy.

Figure 4 shows the IR transmittance spectra obtained
for the SiG/Ge/SiQ heterostructures. All spectra show
two well defined absorptions signals located~&840 and
~1,080 cnT!, associated with the bending [28] and asym-
metric stretching vibration modes of Si-O-Si [29]. The pres-
ence from Ge@is established through the signals at around
580 and 870 cm', associated with the Ge-O-Ge bending and
stretching vibrational modes [30]. Even when some changes
are observed in the above mentioned features it is difficult to
extract additional information. Oxygen partial pressure con-
trols surface roughness but it also affect the growth kinetics
of germanium nanocrystals through the interaction with the
SiO, layer. It is well established that the IR absorption fea-
ture located at~1082 cnt! is directly related to the stoi-
chiometry of silicon oxide [31], in Fig. 4 a shift in the min-
imum of this absorption band is clearly observed. As the
OPP increases the width of the band diminishes and the po-
sition goes to the value associated to stoichiometric,SiO
The inset a) in Fig. 4 summarizes the values for peak po-
sition and FWHM obtained by deconvolution of this ab-
sorption peak as shown in the inset b). The deconvolution
process was carried out considering contributions from the
transverse stretching vibration mode of the bridging oxygen
atom in the Si-Q tetrahedra at 1058 cm [32-34] and the
Si-O-Si and Si-O-Sj molecular clusters of low-oxidized
silicon at 999 and 1030 cm [35,36]. From the results
shown in the inset of Fig. 4 it is clear that the heterostruc-
tures SiQ/Ge/SiQG deposited at low OPP have silicon diox-
ide non-stoichiometric; giving place to oxygen-deficient dia-
magnetic defects. At this point it can be established that the
studied heterostructures contain a mixture of S#d SiQ,

hases with the SiQphase localized in the transition lay-

OPP66 and ) OPP75). Inset A: Peak frequency and FWHM of the®r'S around germanium nanocrystals. It has been reported that
TOs vibrational mode at 1082 cfrt vs OPP. Inset B: deconvolu-
tion of the 1082 cm* band into components.

the presence of germanium atoms promotes the oxidation of
silicon [37]. Itis plausible to expect that the redox reaction
Si+GeGQ=Ge+SiQ occurs during the deposition process in-

andasio, ~ 5 x 1077 °C~!) the result is a tensile rather than creasing the stoichiometry of SiQreflected in the increase
compressive stress [24]. Then the formation of the tetragef vibrations associated with the Siy@onfiguration. It is
onal phase must be related with the reactive processes geexpected that the germanium interlayer deposited on top of
erated in the interface during the growth process. Germathe hills of the first SiO2 layer get strongly oxidized due to
nium nanoparticles with tetragonal crystallographic orientathe reactive atmosphere giving place to a GasBell around
tion have been reported in several works [25]. Usually, it isthe Ge-NCs and changing the stoichiometry of the adjacent
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FIGURA 5. a) Average radius, Ra, and number density of Ge-NCs, (white dot and broken ine).

D, plotted as a function of oxygen partial pressure in samples with

same Ge intermediate thickness4.7 nm). b) Average radius,.R . . e
and number density of Ge-NCs, D, plotted as a function of initial the grain size distribution and spatial distribution of nanopar-

thickness dn. Insets, size distribution of Ge-NCs for a representali€leS by area for as function of OPP and Ge intermediate
tive sample. This histogram show bimodal size distribution: large layer thickness. As expected, there is an increase in the den-
NCs with narrow distribution and small NCs with broad distribu- Sity of nanoparticles with increasing roughness accompanied
tion. by a decrease in the size. This can be related to an increment
in the nucleation sites as roughness increases. To study of
SiO, layer. The tetragonal phase of germanium is formeddependence with the thickness of the germanium interlayer
at this step due to the stress due to the formation of théd;) the results of the grain size distribution and spatial distri-
different phases. When thin layers of germanium are debution of nanoparticles by area of the samples produced em-
posited on Si@ layers with low roughness germanium is ploying OPPGe50 (same surface roughness) are presented in
most exposed to the action of the reactive atmosphere givingig. 5b). Here it is observed that as the thickness of the ger-
place to greater amount of Ge@nd through the interaction manium interlayer increases the size of the nanoparticles in-
process with the adjacent layers to an increase in the norereases while the number of nanoparticles by area decreases.

stoichiometric SiQ phase. Then 2 nm could be established As an indirect bandgap material bulk germanium has
as a limit for the thickness of the Ge layer to grow Ge-NCsg |ow efficiency for radiative recombination but as its di-
by this method. mensions are reduced to hanometers radiative transitions in-
The whole set of samples have been characterized bgreases due to relaxation in the momentum values available
TEM. Some images of the results have been shown in a pranaking them quasi-direct transitions. Then it is expected
vious work [11]. A complete analysis of the TEM images that nanoparticles present a more efficient photolumines-
shown that effectively by controlling germanium interlayer cent emission and a shift from the bulk germanium bandgap
thickness and OPP it is possible to control the deposition 0f0.6 eV) toward higher energies. This effect as function of
germanium nanoparticles. Figure 5(a) present the results dhe oxygen partial pressure employed for the nanoparticles
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formation was reported; It was found a blue shift in the en-quire additional post annealing treatment. Atmosphere com-

ergy of the emission band as OPP increases [11]. Figure position used during deposition by reactive RF sputtering,

shows the PLspectra of the samples grown at OPP75 ardktermine particle size and crystallographic structure of the

different thickness for the intermediate layer of germanium:Ge-NCs and the chemical characteristics of the matrix. Size

a) ~2.3 nm, b)~4.7 nm and c)~7.2 nm. Itis worth no re- dispersion tends to decrease for samples grown employing an

member that germanium nanocrystals produced using OPP‘@&mosphere rich in oxygen content producing a stoichiomet-

presented the better crystalline characteristics as shown bic SiO, matrix. The formation of the tetragonal phase of Ge

XRD. A Gaussian deconvolution of the spectra was peris promoted by interlayer thickness and the highest crystallo-

formed using just two peaks. As shown in Fig. 6 thisgraphic quality is obtained using high oxygen partial pressure

approach reproduces the experimental photoluminescenec@lues.

curves. The peak a lowest energy, around 1.4 eV, does not

change as germanium nanocrystal size increases then it could

be due to the tetragonal phase of germanium. Further reAcknowledgments

search is needed to confirm the origin of this peak but it could

be the first experimental report of the bandgap of the germarhe technical support of A. Garcia-Sotelo, M. Guerrero, R.

nium tetragonal phase. The broad peak at higher energy h&sagoso, L. Lopez and D. Perez Escamilla is gratefully ac-

its origin to the contribution of PL emission from germanium knowledged. A. Hernandez-Hernandez expresses his grati-

nanocrystal with different sizes. tude to UNAM, postdoctoral fellowship DGAPA. This work
Finally it should be stressed that an important feature ofvas partially supported by CONACyT-Mexico and ICyT-

the methodology discussed in this work is that in order to proDF by project 336/2010. Also, A. Hernandez-Hernandez ac-

duce the germanium nanopatrticles with controlled size disknowledge financial support from PRODEP, grant UAEH-
tribution it is not necessary to anneal the samples a highdPTC-693 DSA/103.5/15/700X0n sabatical leave from De-
temperatures. The above mentioned results indicate that opartamento deiBica, Cinvestav-IPN.

methodology reduces the amount of non-radiative traps asso-
ciated with other procedures.

4.

Conclusions

Light emitting Ge-NCs embedded within a Si@atrix were
successfully synthesized, using a process which does not re-
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