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ABSTRACT

Germanium-on-insulator (GeOl) films fabricated using the Smart Cut™ wafer bonding and film exfoliation technology were investigated
for the mechanical properties and induced phase transformations by using nanoindentation and Raman spectroscopy experiments. The
hardness and modulus results of the GeOl films are significantly different from the literature published Silicon-on-Insulator and bulk
germanium results. The GeOl films are softer and more flexible as compared to bulk Ge hardness and stiffness properties. The Raman
spectroscopy of the spherical indents indicates bands of metastable Ge phases @ 220 cm™, 195 cm™", and 184 cm™" wavenumbers. Our
results demonstrate that a spherical indenter impacted a wider area of contact and produced GeOl indented surfaces free of cracks and
fracture. The spherical indenter tip kept the Ge top layer intact when compared to the Berkovich indenter tip during penetration. In
contrast, the Berkovich indenter tip developed excessive fracture that resulted in displacing the Ge top layer sideways and exposed the Si
substrate underneath revealing Raman spectra bands of metastable Si phases @ 350 cm™Y, 399 cm™!, and 430 cm ™.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013454

INTRODUCTION

Silicon-on-insulator (SOI) is envisaged as a better alternative
to bulk silicon due to its superb performance, less power consump-
tion, and prevention of latch-up. The SOI technology was developed
in the 1990s and enabled advanced CMOS devices that delivered
among many advantages high speed and radiation hardness and con-
stitutes a significant improvement over the older Silicon-on-Sapphire
(SOS) technology. The fabrication of SOI and strained Silicon-on-
Insulator (sSOI) is accomplished using the Smart Cut™ wafer
bonding technology utilizing high dose hydrogen implantation and a
subsequent annealing process to effect layer splitting and film exfolia-
tion." The strained sSOI technology was specifically developed for
high mobility channel devices.”™ It is not economically feasible to
fabricate Ge bulk wafers to compete with bulk Si wafers due to the
much higher production costs and more than twice the density
resulting in heavier wafers for identical size plus poor mechanical

strength. By extending the Smart Cut™ technology approach to ger-
manjum, the successful fabrication of germanium-on-insulator
(GeOl) wafers proved to be the best choice material for Si-based pho-
todetection. Si is transparent for telecommunication wavelengths
(A > 1.2 um), which makes Si not suitable for wavelengths larger than
1.2 um for photodetection. On the other hand, Ge possesses a strong
linear absorption of up to 1.55um, a strong compatibility with the
mainstream planar Si complementary metal oxide semiconductor
(CMOS) process technology in microelectronics, and Ge is considered
an indirect bandgap material.>® Also, an important application of Ge
is found in the fabrication of photodetectors on Si.”* As an additional
benefit, Ge retains a much higher carrier mobility as compared to Si
which promises faster operation. A comparison between the electrical
properties of Ge and Si reveals a critical advantage of nearly three
times the electron mobility, x. of 3900 cm?/V s in Ge vs 1350 cm?/V s
in Si, while the Ge hole mobility, u, is 1900 cm?/V's vs 480 cm?/V s

J. Appl. Phys. 128, 065104 (2020); doi: 10.1063/5.0013454
Published under license by AIP Publishing.

128, 065104-1


https://doi.org/10.1063/5.0013454
https://doi.org/10.1063/5.0013454
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0013454
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0013454&domain=pdf&date_stamp=2020-08-12
http://orcid.org/0000-0001-8272-2151
http://orcid.org/0000-0001-5865-6035
mailto:aelmusta@odu.edu
https://doi.org/10.1063/5.0013454
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

in Si enabling better devices and near infrared detectors. Although
the lattice mismatch parameter between Ge and Si is large, ie., 4.2%,
pseudomorphic epitaxial growth of strained crystalline SiGe alloy
films on Si can be accomplished. However, attempting to grow Ge
films directly on Si substrates with such a large lattice constant differ-
ence comes at the price of lattice defects, in particular, misfit disloca-
tion networks to accommodate the interfacial strain. This drawback
of a highly defective interface resulting from epitaxial growth of Ge
on Si substrates has been limiting the application potential of Ge
grown on Si substrates. However, this serious disadvantage can be
completely eliminated with the Smart Cut™ GeOlI technology, which
enables marrying dissimilar single crystal semiconductor materials
without incurring any misfit dislocations or any other lattice defects.
Additionally, GeOlI saves Ge single crystal substrate cost, since only a
thin single crystal Ge film is exfoliated from a bulk Ge wafer, and
GeOl provides improved mechanical stability as compared to the
fragile and heavy Ge bulk substrates.” The Ge thin films resulting
from the exfoliation of a bulk Ge wafer using the Smart Cut™ GeOI
technology produced Ge thin films with enhanced mechanical prop-
erties in comparison to the bulk Ge wafer.

Due to the interest in high mobility channel metal-
oxide-semiconductor field-effect transistor (MOSFET) devices,
there are many literature studies on electrical properties of SiGe
strained channels and GeOlI devices, but very little is known about
their nanomechanical properties. The current known literature
background on mechanical properties can be outlined in the fol-
lowing section. Group IV elemental semiconductors, e.g., Si and
Ge, are considered brittle materials due to the high Peierls energy
of the dislocations.'” Minomura and Drickamer, reported that
under high pressures, Si and Ge reveal interesting properties.'’
They observed that under a compressive pressure of 20 and 12 GPa,
the electrical resistivity of Si and Ge dropped five orders of magni-
tude with a concomitant increase in electrical conductivity. Ge is a
semiconductor material with a diamond cubic crystal structure that
is covalently bonded. Under high pressures, Jamieson observed that
Ge exhibits a B-Sn structure polymorph which is considered the
phase that is responsible for metallic conductivity.'” Kiran et al.
concluded that for diamond cubic germanium (dc-Ge), plastic
deformation due to slip and twinning under the indenter tip might
be responsible for a compromise in phase transformation."” It
might still experience phase transformation to the B-Sn-Ge phase
at high loading rates. However, the amorphous Ge (a-Ge) phase
can easily undergo phase transformation over a wide range of
indentation conditions because slip and twinning are probably
irrelevant.'” Multiple studies also indicated that there is compelling
evidence that phase transformation takes place in crystalline Ge
subjected to indentation." """

Although Miller et al. studied the nanomechanical properties
of multiple thin films of SOI and sSOI and reported that the hard-
ness and moduli values of the SOI and sSOI are significantly differ-
ent from known bulk Si values,'” no studies exist that discuss the
mechanical properties of the GeOI films to the best of our
knowledge.

In this work, we investigated using nanoindentation and
Raman Spectroscopy the mechanical properties and induced phase
transformation of the GeOI wafers focusing on the top defect-free
single crystal Ge film bonded via a buried SiO, oxide of
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FIG. 1. Field emission scanning electron microscopy (FESEM) image of GeOl
film on Si.

approximately 175nm thickness to the Si substrate with the
Smart Cut™ technology and film exfoliation technology. Single
crystal Ge films on insulating oxide of 100, 220, 250, and 290 nm
Ge thickness of (100) orientation were fabricated using the
Smart Cut™ technology and tested for the structural and mechani-
cal properties. The structural properties and morphology were
explored using field emission scanning electron microscope
(FE-SEM). The Ge film thickness of GeOI samples was verified
using cross-sectional field emission scanning electron microscopy
(FESEM) as shown in Fig. 1.

The nanomechanical properties were measured using nanoin-
dentation to determine the modulus and hardness of the GeOl films.
The induced nanoindentation experiments produced phase transfor-
mation in the Ge films. We used Raman micro-spectroscopy in
order to examine and monitor the induced pressure and phase trans-
formation in Ge films.

EXPERIMENTAL TESTING

The nanoindentation testing was carried out using an XP
Nanoindenter tester from Agilent Technologies equipped alterna-
tively with either a three-sided diamond Berkovich indenter tip
with a maximum displacement of up to 2um or with a spherical
indenter. The XP indenter head was used in a continuous stiffness
(CSM) mode. Constant displacement indentations in a CSM mode
of 10% of the film thickness to circumvent substrate effects were
performed on each film to study the films’ properties. The CSM
technique produces the evolution of hardness and elastic modulus
as continuous functions of penetration depth into the surface by
superimposing a small harmonic force oscillation (usually resulting
in a harmonic displacement oscillation of 1 nm or less) on the tip
during the loading cycle. This allows the stiffness of contact, and
subsequently the mechanical properties of the sample to be contin-
uously evaluated by analyzing the harmonic force and harmonic
displacement data, as detailed elsewhere.” Prior to the measure-
ments, the tip was calibrated using a standard fused silica sample.
The calibration was also conducted between measurements.
Indentations were made directly into the films for various depths
depending on the film thickness using the CSM.
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Raman micro-spectroscopy of the residual spherical and
Berkovich indentations in the GeOlI films were performed with a
Bruker Senterra spectrometer (Bruker Optics, Germany) Raman
microscope, Fig. 2(a) and 2(b). Figure 2(a) represents a Berkovich
indent, whereas Fig. 2(b) represents a spherical indent. The Raman
micro-spectroscopy measurements were done for all locations
labeled 0-6 for both indents. We reported the results for the center
location 0 for both indenters, locations 3 and 5 for the Berkovich
indenter, and locations 1 and 4 for the spherical indenter.

It is anticipated that the central region will yield more accurate
results due to the proximity of the maximum pressure induced by
the very sharp tip of the indenter. An excitation laser of a wave-
length A = 785nm operated at 10 mW was used. The laser was
focused on a spot of 1um diameter of the sample surface. An
Olympus MPLAN 100 x NA 0.8 objective was used for focusing
the laser onto the sample surface and to imaging the indented spot

FIG. 2. (a) and (b) Optical microscopy photographs of spherical and Berkovich
indents on GeOl films. Locations 0-6 represent the positions where the Raman
micro-spectroscopy measurements were performed for both indents. The results
are reported for the center location 0 for both indenters, locations 3 and 5 for
the Berkovich indenter, and locations 1 and 4 for the spherical indenter. The
estimated beam diameter is ~1 um.
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illuminated by the excitation laser. Each spectrum was integrated
over 40 s with two co-additions (2 x20s). Spectra were recorded
inside and outside the indents. The recording time of a single
Raman spectrum was from a few seconds to several minutes,
depending on the laser beam intensity and the probe material.
Although, the Raman spectroscopy measurements were performed
on both spherical and Berkovich indentations, the hardness and
modulus results are only presented for the Berkovich indentations.

RESULTS AND DISCUSSION

Size effect studies conclude that surface properties are much
higher than bulk for crystalline materials including electronic mate-
rials. The study by Liu et al.”’ concluded that for Bulk Ge when the
indentation depth exceeds 100nm, the hardness and elastic
modulus of each crystal plane of the germanium single crystal
decrease with the increase of the loading depth, which shows a sig-
nificant indentation size effect. The study established that, for
depth of indentations less than 70 nm, the hardness and modulus
are much higher than the properties at a deep depth of indentation,
i.e., larger than 1um for bulk Ge samples. This brings up a very
important question here which is: suppose if we fabricate a thin
film from the same material and test it will the property of the thin
film mimic the property of the same bulk material at the surface?
The electronic materials community believes that an extremely thin
film fabricated from a semiconductor material such as Ge would be
very flexible and can be rolled-up like a newspaper. This cannot
happen if the properties of the film are similar to the properties of
the bulk material at the surface. In the current study for GeOI thin
films fabricated using the Smart Cut™ technology, we found out
that Ge thin films with variable thicknesses exhibit properties
similar to the properties of bulk Ge at deep indents. The Raman
spectroscopy provided an in-sight of the nature of the spherical
and Berkovich impressions on the GeOlI surface. Spherical indents
indicate bands of metastable Ge phases @ 220 cm™*, 195 cm™, and
184 cm™" wavenumbers. Our results demonstrate that a spherical
indenter impacted a wider area of contact and produced GeOI
indented surfaces free of cracks and fracture. The spherical indenter
tip kept the Ge top layer intact when compared to the Berkovich
indenter tip during penetration. In contrast, the Berkovich indenter
tip developed excessive fracture that resulted in displacing the Ge
top layer sideways and exposed the Si substrate underneath reveal-
ing Raman spectra bands of metastable Si phases @ 350 cm™’,
399 cm™', and 430 cm™".”' The penetration depth of the excitation
laser of a wavelength of 785nm for Si is >l um and for Ge is
<lum.”' The measurements were performed at ~6 wavenumber
spectral resolution.

The load-depth curves of the GeOl films are shown in Fig. 3.
The data represent five indents from each film from a total of 16
indents per film. The total displacement into the surface was
decided based on the film thickness to circumvent the substrate
effect, ie, for the 220nm film, the total displacement into
the surface was ~55nm with a projected indentation load of
~0.6-0.7 mN. Similarly for the 250 and 290 nm films, the total dis-
placements into the surface were ~62 and 72 nm with correspond-
ing indentation loads of ~0.8 and ~1.1 mN, respectively. The total
depth of penetration of the indenter consists of an elastic portion
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FIG. 3. Berkovich load-depth curves of GeOl films.

he and a plastic portion h,. The elastic displacement h, can be
determined and subtracted from the total measured depth of
penetration to yield the plastic depth h,.

The elastic depth of indentation is given by

h. = LC, (1)

where L is the load of indentation and C is the unloading compli-
ance which is given by

C (2)

1
=——+Cm
EgvVA

where C,, is the machine compliance and E. is the effective
modulus as given by Stone et al.,”

1 1—v? 1—V2
—= s 4 4, 3)
Ee .BES ﬁEd

where E;, v, E4,and v, are Young’s moduli and Poisson’s ratios
for the specimen and indenter. § is a constant.

A straight line is fitted to the unloading data between 85%
and 95% of the load in Fig. 3. The measured unloading compli-
ance, C is determined from the load-depth curve as the inverse of
the slope of the linear portion of the unloading data.

The contact area is given by

1
VA=—— 4
E(Ch) — Co) @
and the hardness is determined using
L
H= 1 (5)

The load-depth curves of the 48 indents were virtually identi-
cal and the loading-unloading curves were traceable.

ARTICLE scitation.org/journalljap

The hardness of the GeOl films is plotted vs the contact depth
of indentation (h.) normalized to the film thickness (k) in
Fig. 4. The samples were tested at a depth of indentation to film
thickness of 25% in order to measure the mechanical properties of
the top single crystal Ge(100) film of the GeOI samples and
circumvent the substrate effects. The hardness varies between 8 and
10 GPa for the three different film thicknesses investigated. Liu
et al”® reported hardness results of 13.1, 17.4, and 14.6 GPa of bulk
Ge(100), Ge(110), and Ge(111) at a depth of indentation of 70 nm,
ie., at the surface or hardness of surface layers of bulk Ge, respec-
tively.”” These values are higher than the 8 and 10 GPa of the Ge
thin films of our GeOI samples. Lie et al.,”° Gerk and Tabor,”* and
Yonenaga ** reported hardness values between 7 and 8 GPa for
Bulk Ge at a deep depth of indentation. The results of bulk Ge
(100) from Liu et al.”’ and Yonenaga™ are shown in Fig. 4 as well.
The hardness of the bulk Ge at the surface, i.e., at a depth of inden-
tation less than 70 nm are much higher than the hardness of the
Ge thin film samples and we also observe that the hardness of
the bulk Ge, i.e., at a deep depth of indentation correlate well with
the hardness of the thin Ge films samples in this study. The differ-
ence in hardness between bulk Ge and single crystal thin films of Ge
on top of the GeOI samples indicates that the fabrication process of
the GeOI sample structure produced Ge films with improved proper-
ties as compared to the surface properties of the bulk Ge samples.
As the top GeOl films become softer, it is unlikely that any elec-
tronic devices subsequent to their fabrication might encounter
fatigue failure due to crack nucleation and propagation. On the con-
trary, since bulk Ge is more brittle in comparison to the GeOI films,
it is anticipated that bulk Ge might experience fatigue failure due to
crack nucleation and propagation. Similarly, the reported moduli
values of 157, 257, and 190 GPa for the Ge(100), Ge(110), and Ge
(111) bulk samples as reported by Liu et al.”’ are considered higher

25 _I I LI B B | | LI B B | LI LI i

[ O 220nm ]

. O 250 nm _

20 I A 290 nm .

© room Bulk Ge Liu et al. [20] 1
o T A  Bulk Ge(111) Yonenaga [24] ]
O 5L ]
Um) B I ﬁ surface layers ]
< ]
© 10 - —
S - .
© L i
T B i
5 |
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L 1 I L1 1 | | | I 11 1 | I L1 1 1 ]
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FIG. 4. Hardness of the GeOl films vs the contact depth of indentation (h)
normalized to the film thickness (h ).
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FIG. 5. Modulus of the GeOl films vs the contact depth of indentation (hc)
normalized to the film thickness (h ).

than the moduli values for the three different film thicknesses which
vary between 130 and 140 GPa as shown in Fig. 5. Likewise, the
moduli results of bulk Ge(100) from Liu et al.,’® are also shown in
Fig. 5. The moduli of bulk Ge measured at the surface for a depth of
indentation less than 70 nm are also much higher than the moduli
of the Ge thin film samples. We also note that the moduli of the
bulk Ge, ie., at a deep depth of indentation correlate well with the
moduli of the Ge thin films. This also indicates that bulk Ge at the
surface is stiffer than the GeOl films, a property that might impede
the fabrication of robust and more flexible devices from bulk Ge.
Therefore, single crystal GeOlI thin films with improved mechanical
properties provide an alternative route for electronic devices fabrica-
tion compared to bulk Ge. The use of Raman spectroscopy demon-
strates induced metastable phases in both the Si substrate
underneath the buried oxide and the Ge top film for the Berkovich
and spherical indentations respectively, Fig. 6. The spectra of meta-
stable phases of Si @ wavenumbers of 350, 399, and 430 cm™Y, result-
ing from the Si substrate underneath were detected for the Berkovich
indentations, where the sharp pyramid tip routinely pierced the Ge
top film and the buried oxide to expose the bulk Si substrate.
However, an intense Si band was detected at 520 cm™!, whereas a
weak Ge is observed at a wavenumber of 300cm™'. Using the
Berkovich diamond indenter tip is accompanied by excessive cracks
in the films beneath the indenter tip that caused the Ge top layer to
be displaced sideways™ as in Fig. 6. From Fig. 6, we observed that
several metastable Si and Ge phases were exposed at location 0 at
the center of the Berkovich and spherical indentations where the
maximum pressure is exerted by each indenter tip. The Berkovich
indents revealed metastable Si phases @ 350 cm™Y, 399cm™!, and
430cm™’, whereas the spherical indents depicted metastable Ge
phases @ 220 cm™, 195 cm™, and 184 cm™! wavenumbers, respec-
tively. The scans of locations 3 (slightly off-centered) and 5 (outside
the indent) for the Berkovich indenter illustrated the presence of
strong Si phase at 520cm™' and a weak Ge peak at 300cm™'
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FIG. 6. Raman spectroscopy of induced metastable phases of Si and Ge
for the Berkovich and spherical indentations represented by locations 0 of
Figs. 2(a) and 2(b), respectively.

wavenumbers as shown in Fig. 7. Similarly, as expected, for the
spherical indenter, a strong Ge phase at 300 cm™ and a weak Si
peak at 520 cm™! wavenumbers for locations 1 (slightly off-centered)
and 4 (outside the indent) were detected as shown in Fig. 8.

In contrast, only the spherical indenter tip did not shatter the
single crystal Ge top film and allowed micro-Raman spectra to
focus on the intact Ge film indicating bands of metastable Ge
phases @ wavenumbers of 220, 195, and 184 cm™" in comparison

2500 ——— T —

—— Berkovich location 3, Fig. 2a
—— Berkovich location 5, Fig. 2a

N
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o

1500
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FIG. 7. Raman spectroscopy of induced phases of Si and Ge for the Berkovich
indentations represented by locations 3 and 5 of Fig. 2(a).
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FIG. 8. Raman spectroscopy of induced phases of Si and Ge for the spherical
indentations represented by locations 1 and 4 of Fig. 2(b).

to a wavenumber of 300 cm™ of bulk Ge subjected to a bi-axial

tensile strain.”® The Raman peak around 300 cm™' wavenumbers
corresponds to the longitudinal optical (LO) phonon in Ge. A weak
Si band @ 520 cm™' wavenumbers is observed and a strong Ge
band @ 300 cm™! is evident. From the images of Fig. 2, with less
fracture and cracks, the spherical indenter tip covers a wider area of
contact which caused the top Ge layer to remain intact as com-
pared to the Berkovich indenter tip, which breaks up and shatters
the Ge film.

CONCLUSION

Our results demonstrate that the nanomechanical properties
of perfect defect-free single crystal Ge films on top of the GeOI
composite samples fabricated using the Smart Cut™ technology
and film exfoliation are significantly different from the results of
bulk Ge obtained by Liu et al,”” and SOI films results obtained by
Miller et al.."” From our measured hardness results of 8 to 10 GPa
for very thin single crystal Ge(100) films compared to 13.1 GPa for
surface layers of Bulk Ge(100), one can conclude that the mechani-
cal properties of the thin Ge films are comparable to the properties
of bulk Ge at a deep depth of indentation. Similarly, our measured
modulus of 130 to 140 GPa for thin Ge(100) films compared to the
reported bulk Ge(100) value of 157 GPa corroborates these research
findings.

The Raman spectroscopy of the Berkovich indents indicates
spectra bands of metastable phases @ 350, 399, and 430 cm™" wave-
numbers of the exposed Si substrate underneath the buried oxide.

The Berkovich indenter tip developed excessive fracture that
resulted in displacing the Ge top layer sideways. This result demon-
strates that the sharp pointed Berkovich indenter tips produced
excessive cracks and cause fracture of the Ge film and hence expos-
ing the underlying bulk Si substrate. The spherical indents spectra

ARTICLE scitation.org/journalljap

indicate bands of metastable Ge phases @ wavenumbers of 220,
195, and 184 cm™'. The Ge top layer remains intact because the
spherical indenter tip impacts a wider area of contact due to less
fracture and cracks as compared to the Berkovich indenter tip.

Finally, apart from the well documented electrical advantages
of GeOl, the reported research on the nanomechanical properties
reveals considerable softening and flexibility of the very thin Ge
films that promise added benefits and further implications for
enhancing potential device applications of GeOI wafers for process
integration.

DATA AVAILABILITY

The data that support the findings of this study are available
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