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Abstract

SiGe nanoislands were grown by Molecular Beam Epitaxy (MBE) method on Si (100) substrates with comparative growth
parameters such as annealing temperature, top Ge content and layer-by-layer annealing (LBLA). XRD and Raman data
suggest that annealing temperature, top Ge content and layer-by-layer annealing (LBLA) can overall give a control not only
over the amorphous content but also over yielding the strained Ge layer formation in addition to mostly Ge crystallites.
Depending on the layer design and growth conditions, size of the crystallites was observed to be changed. Four Point Probe
(FPP) Method via Semiconductor Analyzer shows that 100 °C rise in annealing temperature of the samples with Sij ,5Ge, ;5
top layers caused rougher islands with vacancies which further resulted in the formation of laterally higher resistive thin
film sheets. However, vertically performed I-AFM analysis produced higher I-V values which suggest that the vertical and
horizantal conductance mechanisms appear to be different. Ge top-layered samples gained greater crystalline structure
and better surface conductivity where LBLA resulted in the formation of Ge nucleation and tight 2D stacking resulting in

enhanced current values.
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1 Introduction

SiGe nanoislands are considered as one of the key devel-
opments for next generation technologies due to their easy
processing, excellent properties and compatibility with the
existing Si-based microelectronic industry [1-4]. MBE-
grown SiGe heterostructures have attracted great interest
owing to their high performance in nanoelectronic cir-
cuitry within Complementary Metal Oxide Semiconductor
(CMOS) platforms [5]. Moreover, monolithic integration of
electronic and optical components of SiGe structures on Si
chips is predicted to enhance the performance and functions
of Si Very Large Scale Integrated circuits (VLSI) [6, 7].
Many SiGe-based technologies in commercial use includ-
ing solar cells, photodetectors and high-mobility transistors
and those which are still in research phase such as quan-
tum cascade lasers (QCL) require semiconductor hetero-
junctions [8—12]. SiGe heteroepitaxy devices can also be
used in high-density digital circuitry and sensor applica-
tions in a wide range of wavelengths between infrared and
microwave regions [13]. Introducing Ge into Si via straining
and doping effects makes it a suitable candidate for band-
engineered devices [14]. For example, Ge quantum dots can
be incorporated in Si epitaxial solar cells to improve long
wavelength performance [15]. In addition, SiGe nanocrystals
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can function well as a photo-detector being more compat-
ible with Si than the III-V semiconductors as they have
extremely large lattice mismatches [2, 16]. However, the
formation of antiphase boundaries between group III-V
and IV semiconductors is still an issue although they are
lattice mismatched as in the case of the growth of GaAs on
Si[17, 18].

SiGe nanoislands utilizing the concept of the self-
organization are based on strained-layer heteroepitaxy of
semiconductor thin films [19]. Structural, optical and elec-
tronic properties of these nanocrystalline islands are heavily
affected by growth conditions [20-22]. Surface electrical
properties of SiGe nanoislands can be tuned by differentiat-
ing the substrate growth temperature, Si buffer layer thick-
ness, Ge content, Ge deposition rate, annealing time, anneal-
ing temperature, etc. It also requires great effort to achieve
high quality of Ge or Si,_, Ge, hetero-epitaxial layers on
Si substrates because of the large 4.17% lattice mismatch
relative to Si [23].

Several techniques such as Ion Beam Sputtering Deposi-
tion [24], Rapid Thermal Annealing [25], Chemical Vapor
Deposition [26] and RF Magnetron Sputtering [27] are being
extensively studied to fabricate high-quality SiGe nanois-
lands. Among them, MBE has many advantages compared
to other techniques in the growth of more uniform large area
thin films, formation of dense structure with higher crystal-
line quality and the ease of controlled and repeatable fabri-
cation of epitaxial SiGe layers.

The present work reports on the fabrication of SiGe
nanoislands by MBE method and the investigation of their
structural and electrical properties under various layer
design and growth conditions. Various parameters such as
influence of Ge concentration at cap layer, annealing tem-
perature and the effect of LBLA were applied to alter the
morphology of the samples on single couple of samples for
each effect. For this purpose, a number of characterization
methods have been performed using GI-XRD, HR-SEM and
Dispersive Raman Spectroscopy. Moreover, lateral and verti-
cal electrical conduction mechanisms were investigated via
two complementary methods: FPP Semiconductor Analysis
and I-AFM methods, respectively.

2 Experimental

The films are deposited on p-type high resistivity (1-10
Ohm-cm) Si (100) wafer substrates with 2.5 cm X 2.5 cm X
500 um dimensions by solid source MBE system. Before the
films were deposited, substrates have been cleaned according
to the RCA procedures with SC-1, 2 (standard clean) and
DHF (diluted hydrofluoric acid) steps. First, Si substrates
were immersed into a mixture of NH,OH (25%), H,0, (30%)
and de-ionized water (DI-H,O) in the ratio 1:1:5 for 5 min.
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Following this, wafers were immediately rinsed in a DI-H,O
bath for a further 3 min. Second, the substrates were put in a
mixture of HCI (37%), H,0, (31%) and DI-H,O in the ratio
of 1:1:6 for 10 min. After this, the wafers were rinsed in the
DI-H,O bath for 3 min to eliminate residual ions of the acid.
Subsequently, substrates were dried by blowing pure N, gas.
Third, Hydrofluoric acid solution (HF-Dip) that is a mixture
of HF (40%) and DI-H,0 with ratio 1:20 was used to remove
the native oxide from the wafer surface. After rinsing 30 s
and drying with N, gun, they were immediately put into the
load-lock chamber.

After cleaning steps, substrate was positioned on the sub-
strate holder by inserting the magnetic arm through the main
chamber. After that, liquid Nitrogen was circulated around
the chamber and residual gas analyzer (RGA) was employed
to ensure the non-existence of unwanted gas species. Before
deposition, base pressure and substrate temperature were set
as 3% 1071 mbar and 990 °C, respectively. To get rid of the
hydrogenated Si surface, substrate was subjected to that tem-
perature for 30 min. In addition, treated surface was prop-
erly checked by Reflection High Energy Electron Diffraction
(RHEED) applying 10 keV at a glancing angle around 1°.
The four effusion cells, which are loaded with high-purity
intrinsic Si and Ge, were heated up to 1350-1400 °C.

The growth rates of each cell were optimized to obtain the
desired values for both mono and co-deposition. Hence, a
growth rate of 0.66 A°/s in total was adjusted by quartz crys-
tal microbalance (QCM). For homogenous coating, sample
holder was rotated at 10 rpm.

Four samples grown in accordance with two different
group layer designs, which are depicted in Fig. 1, are named
as SiGe-1, SiGe-2, SiGe-3, and SiGe-4. The different colors
indicate the particular Si-Ge content in the corresponding
layer. SiGe-1,2 and SiGe-3,4 samples have been grown with
the top Ge contents of 75 and 100%, respectively. The main
reason for this layer design is to obtain clear difference in
surface topography and roughness under various growth,
annealing and layer content conditions to compare their role
on electrical resistivity and conductivity.

Growth conditions of the investigated samples have been
changed to study their effects on structural and electri-
cal properties. The main growth parameters are quoted in
Table 1. From left to right, the columns report sample name,
growth temperature, annealing temperature, annealing time
and LBLA process. SiGe-1 and SiGe-2 were grown with
varying annealing temperatures of 750 and 850 °C, respec-
tively. SiGe-3 sample was annealed after the completion
of the deposition process whereas in SiGe-4, LBLA was
applied after the deposition of each individual layer repeat-
edly as shown in Table 1.

GI-XRD measurements were carried out by XRD
Smart Lab Rigaku with Cu target wavelength A =1.54 A
at a glancing angle of 5°. HR-SEM images were taken by
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Fig. 1 Comparative layer design
of Si,_, Ge, samples by gradual
Ge content change
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Table 1 Growth conditions of Si,_, Ge, thin films

Sample Growth Annealing  Annealing LBLA? Yes/
name temperature temperature time (min) no
O °O
SiGe-1 700 750 30 N
SiGe-2 700 850 30 N
SiGe-3 700 850 30 N
SiGe-4 700 850 30 Y (3 times)

field emission JEOL SEM 7001F at 15-20 kV accelera-
tion voltages in secondary electron imaging (SEI) mode.
Raman spectroscopy measurements were held by Thermo
Scientific DXR Raman spectroscopy system with a 532 nm
laser excitation at 3 mW laser output power. [-AFM meas-
urements were done by a Pt-coated conductive tip in contact
mode using Park Systems XE-100E. As a final investiga-
tion, semiconducting analysis was performed with Keithley
4200-SCS Model FPP Semiconductor Analyzing System.
The average crystallite sizes were calculated using major Ge
(111) peaks in XRD spectra by Scherrer’s equation, from top
view SEM images by graphics software Image J; and using
phonon confinement model fitted to the Ge—-Ge TO modes
in each Raman data.

3 Results and discussion

Microstructures of the films were analyzed by HR-SEM as
shown in Fig. 2. SiGe-1 has closely stacked islands where
those in SiGe-2 appear in the shape of more isolated buds
due to 100 °C higher annealing temperature than SiGe-1.
Stranski—Krastanov mode of island growth is clearly appar-
ent in the cross-sectional SEM image of SiGe-4 in Fig. 2d
as 2D film growth is followed by 3D island formation [28].
The LBLA process that is applied to SiGe-4 resulted in the
formation of greater islands than those in SiGe-3. Ge crystal

Si buffer layer

Si (100) substrate

SiGe-3 & SiGe-4

facets [29] of SiGe-4 islands with various orientations can
be seen in the cross-sectional image of SiGe-4 (d). The vari-
ous orientations of SiGe-4 sample was also shown in Figure
S1.

GI-XRD intensity peaks of Si and Ge crystalline planes
are indicated in Fig. 3. Si (311) and Si (222) peaks are
detected from bare substrate with the same glancing angle.
Proximity of Si (220) and Ge (220) peaks evidences the
formation of SiGe nanocrystalline matrixes [30]. It is dis-
tinguishable that Si;_, Ge, content of top layer has direct
influence on the related intensities of the samples. SiGe-2
has relatively low Ge peak intensities that could be explained
by the presence of amorphized segments [31] between
nanocrystalline domains originated from excess annealing
temperature. Slight Si (222) peak backshifts of SiGe-1, 2,
and 3 samples from the free substrate value of 60.3° indicate
the existence of compressive strain induced in thin film lay-
ers [32]. However, in SiGe-4 strain induced is relieved by
misfit dislocation due to the LBLA applied on the sample.

The average crystallite size, D, of each sample was cal-
culated by analyzing the diffraction peaks using Scherrer’s

Eq. (1):

KA
b= pcosd 1)

where A is the wavelength of the radiation, K is a dimen-
sionless shape factor equal to 0.89 for spherical nanoparti-
cles, f is line broadening of the full width at half maximum
(FWHM) in radians and 6 is the Bragg angle peak position.
The size of each sample obtained using XRD, SEM, and
Raman data are shown in Table 2. The mean particle size
from the top view SEM images of SiGe nanoilands and those
estimated from the XRD and the Raman data indicate as
expected that Ge crystallite sizes are larger compared to Si
crystallite size since the same stoicmetric ratio were uti-
lized. This result suggests that some portion of the samples
could possess amorphous contents. In comparison with the
size found by the XRD and Raman data analyses, the size
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Fig.2 HR-SEM images of ) e
SiGe nanoislands: capitalized 7 L

(A-D) and small words (a—d) SIG-e l (A)
represent the top and cross-
sectional views of the samples,
respectively

SiGe-4 (D)

found by the XRD can be considered to be more reliable due
to fact that X-rays have relatively higher penetration depth
with respect to the laser light used in the Raman measure-
ment [33, 34]. Furthermore, the size found using the phonon
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confinement model (PCM) [35, 36] includes estimation only
for Ge-Ge located at ca. 300 cm™! due to fact that all Si-Si
vibration modes were not observed. Still, the PCM based on



Structural and electrical investigations of MBE-grown SiGe nanoislands

Page50f10 47

Fig.3 GI-XRD spectra of SiGe
thin films
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Table 2 Crystallite size

calculation of the samples from XRD spectra (nm)

The crystallite size calculated Overall nanoparticle size meas-

The Ge crystallite size esti-

ured from SEM images (nm) mated from Raman spectra

(nm)
SiGe-1 9.02 13.53 53
SiGe-2 7.53 11.78 9.44
SiGe-3 12.81 16.11 8.02
SiGe-4  12.44 19.35 9.33

the Raman data were used to have relatively a quick insight
on the overall crystallite size.

Si—Si vibration peaks arisen from substrates are appar-
ent in SiGe-1 and SiGe-2 at around 518 cm™!. The clear
difference of Si—Si vibration signals of these samples can
be explained by the higher surface roughness of SiGe-2 that
enable the passage of stronger laser beam to substrate that is
apparent in the SEM image of Fig. 4b. It is also noticeable
that the slight local Si—Si vibrations shoulder observed at
455 cm™! in both samples may have emerged since the lay-
ers are grown extremely thicker compared to a few atomic
layers [33, 34, 37]. However, due to rich top Ge content in
SiGe-3 and SiGe-4, Si—Si vibration peaks are not observed
at all since it is possible that Raman signal from lower layers
were surpassed by the 100 nm top Ge layer.

Si-Ge peaks, on the other hand, are located at 392 and
397 cm™!, respectively, in SiGe-1 and SiGe-2. The reason
why both samples have the related Si-Ge Raman active
optical phonons can be explained by the existence of epi-
taxial SiGe layers obtained by suitable top SiGe content.
Furthermore, peak intensity ratios of Si-Ge to Ge-Ge

—SiGe-1
—SiGe-2
—SiGe-3

SiGe-4

Raman Intensity (cps)

!
200 250 300 350 400 450 500 550 600
Raman Shift (cm”)

Fig.4 Dispersive Raman spectra of samples

optical phonon vibrations of SiGe-1 and SiGe-2, which
show that the degree of intermixing and heteroepitaxy are
calculated as 0.29 and 0.33, respectively [38].
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We, furthermore, investigated the structure of Ge crystal-
lites in SiGe nanoislands using PCM fitted to Ge-Ge TO
phonon mode located below the mode found in a bulk Ge
sample (302 cm™!). The Raman data in Fig. Sa—c suggest
that SiGe-1, SiGe-2 and SiGe-3 appear to contain a-Ge
contributions whose peak is located around 275 cm™! [39].
This is more obvious for SiGe-2 sample which are consist-
ent with the XRD data taken by the GI-XRD technique
(see Fig. 3). On the other hand, the Raman data of SiGe-4
promote strain-induced blue shift [40] with no content of
amorphous segments.

As electrical investigation, [-V characterization measure-
ments were acquired by FPP and I-AFM methods for lateral
and vertical conduction analysis, respectively. In FPP analy-
sis, lateral electrical data is taken by four conductive pins
that are gently contacted on the surface of the films without
damaging the crystal structure. Since the substrate has high
resistivity compared to thin film segment, conduction path
is assumed to be within the grown segment as it has been
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Table 3 Resistivity and conductivity calculation of the samples

Sample name Resistivity (Qcm) Conductivity (Qecm)~!

SiGe-1 3.46E+01 2.89E-02
SiGe-2 4.37E+03 2.29E-04
SiGe-3 3.63E-01 2.76E +00
SiGe-4 231E-01 4.33E+00

verified by the bare substrate measurement values. It is also
ensured that ohmic contact was formed between the pins and
the surface without any metal-semiconductor effect. The
sheet resistivity of each film was calculated by substituting
the observed FPP data in Eq. (2).

T %4
=—X—-XtXk 2
P m2 "1 @)
104l © siGe2
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Fig.5 Raman spectra of a SiGe-1, b SiGe-2, ¢ SiGe-3, and d SiGe-4 over Ge-Ge TO mode and their fits using the PCMs
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where p is the resistivity of the film, / is the current applied
between two outer probes, V is the voltage drop across inner
probes, and ¢ is the thickness of the film. Then, the electrical
conductivities were determined by calculating the reciprocal
resistivity as shown in Table 3.

It is apparent that the electrical conductivity increases
with increasing Ge content as seen in Table 3. One can
state that conductivity depends not only on Ge concen-
tration, but also crystalline structure quality. In the XRD
spectra, good crystalline structure is specified by narrow
FWHM values of the diffraction peaks. As a result, the
films that have small FWHM values, namely, SiGe-1-3-4,
also have good conducting properties.

I-V curves of samples between + 12V are depicted
in Fig. 6 by capitalized named (ABCD) graphs. Accord-
ingly, current values in the range of nA were measured
for SiGe-1 and SiGe-2 where in SiGe-3 and SiGe-4, mA
values were obtained. It is obvious that the almost 10°
times the discrepancy is governed by the content of the

(c)SiGe-3

top layer as Ge atoms have quite more hole mobility than
Si atoms [38]. Besides, rich crystalline Ge content also
enhances the current flow reducing the energy barrier
between the valence band and the conduction band [41].
On the other hand, the difference in the current value
between SiGe-1 and SiGe-2 lies in the surface topogra-
phy of these samples. SiGe-2 structure, which has more
isolated domes with larger vacancies, does not enable the
passage of higher currents on the surface compared to
SiGe-1 which has relatively more stacked island structure.
I-V measurements taken by I-AFM results are illustrated
with small words (abcd) in Fig. 6.

0.2 V bias applied to the tip on the depicted AFM
topography area segments at various locations in Fig. 7.
Average area roughness values of SiGe-1-2-3 is measured
around 2-3 nm range where in SiGe-4 a value of 30 nm
is observed. It is assured that the current pass through
a vertical path following the tip, thin film segment and
the back-contacted substrate. Hence, a comparative

o9

(d) SiGe-4

Fig.7 I-AFM tip scan area topography images for vertical I-V measurements
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anisotropic set of vertical I-V was obtained as I-AFM tip
gently touch the surface without any contact resistance
or scratching.

It is noteworthy that SiGe 1-2-3 have approximately
nA current values where SiGe-4 by far apart has pA cur-
rent range. The large discrepancy in [-V enhancement
of SiGe-4 may be explained by the difference in verti-
cal surface topography rather than the layer content. It is
apparent in the cross-sectional SEM images that SiGe-4
has a thick closely stacked 2D growth segment of approxi-
mately 200 nm where total islanded growth is valid for the
rest of the samples. It is possible that, misfit dislocations
and amorphous domains which lie on the boundaries of
the nanocrystalline SiGe-1-2-3 grains resulted in poorer
vertical current values than SiGe-4 along with the high
resistivity substrates.

4 Conclusion

In this study, the effects of annealing temperature, top Ge
content and LBLA on structural and electrical properties
of MBE-grown SiGe nanoislands were determined. 100 °C
annealing temperature difference of SiGe-2 than SiGe-1
resulted in the formation of more isolated nanoislands with
larger vacancies. Morphology of nanoislands affected the
crystalline quality which led the poorer lateral electrical
conductivity. The excess temperature yielded the lowest
conductivity value for SiGe-2 due to the vacant nature of
its nanoislands. The top layer design with a 25% Ge differ-
ence on Si, sGe 5 layer played a predominant role in their
electrical properties. The samples with 100% Ge top layers
gained barely higher I-V values than those with Si ,sGe; 75
capped ones as Ge has quite higher electrical conductance
and greater crystallite sizes compared to Si. LBLA-applied
SiGe-4 sample had shown the formation of larger sized dome
features and sharp facets compared to SiGe-3. Islanded mor-
phology became more effective in the lateral I-V of SiGe
1-2 group whereas in SiGe-3 group it is observed that the
morphology became more predominant in vertical I-V val-
ues. In summary, it can clearly be stated that the content
and the morphology of SiGe nanoislands can be altered by
highly controlled fabrication parameters. Thus, structural,
laterally and horizontally changing electrical properties of
these nanoislands can efficiently be tuned with the suitable
layer design and growth parameters.
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