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The possibility to reduce the thickness of the SiGe virtual substrate, required for the integration of
Ge heterostructures on Si, without heavily affecting the crystal quality is becoming fundamental in
several applications. In this work, we present 1 um thick Si;_,Ge, buffers (with x > 0.7) having
different designs which could be suitable for applications requiring a thin virtual substrate. The
rationale is to reduce the lattice mismatch at the interface with the Si substrate by introducing
composition steps and/or partial grading. The relatively low growth temperature (475 °C) makes
this approach appealing for complementary metal-oxide-semiconductor integration. For all the
investigated designs, a reduction of the threading dislocation density compared to constant
composition Si;_,Ge, layers was observed. The best buffer in terms of defects reduction was used
as a virtual substrate for the deposition of a Ge/SiGe multiple quantum well structure. Room
temperature optical absorption and photoluminescence analysis performed on nominally identical
quantum wells grown on both a thick graded virtual substrate and the selected thin buffer
demonstrates a comparable optical quality, confirming the effectiveness of the proposed approach.
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. INTRODUCTION

The development of Ge-compatible high-x dielectrics
has recently renewed the interest in the epitaxial growth of
high Ge content heterostructures for advanced MOSFET
fabrication.! Moreover, Ge is gaining a great deal of atten-
tion in relevant scientific and technological areas, spanning
from photonics to spintronics and energy harvesting.
Electroabsorption modulation (Refs. 2—4), as well as light
detection and emission (Ref. 5) based on Ge quantum wells
(QWs), have been demonstrated, and optical spin orientation
and detection has been recently achieved in similar hetero-
structures.® The application of Ge QWs for thermoelectric
energy generation is also under investigation.”® All these
applications rely on the deposition of high quality epitaxial
material and engineered low dimensional structures on Si.

Since the lattice mismatch between SiGe and Si reaches
4% for pure Ge, the integration of Ge-rich SiGe heterostruc-
tures on Si requires the insertion of a buffer layer meant to
plastically accommodate the mismatch strain. The relaxation
process occurs with the introduction of misfit dislocations
(MD) at the interface. Threading arms extending from the
SiGe/Si interface to the surface act as scattering and recom-
bination centers for carriers and are thus detrimental for the
performances of electronic and optoelectronics devices.”'°
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The thermoelectric properties can also be negatively affected
by an excessive density of threading dislocations (TD).""

For a given lattice mismatch f=(ay — ap/a; (where ay
and a are the bulk lattice constants of the film and the sub-
strate, respectively), the misfit dislocation density required to
relax a SiGe epilayer is given by the relation | f| = &’/p, where
b’ is the effective Burgers vector and 1/p is the number of
MD per unit length.'> The threading dislocation density
(TDD) is, instead, related to the length of the misfit segments
at the heterointerface with no simple relation to the degree of
relaxation. In SiGe/Si heteroepitaxy, the TDD is experimen-
tally seen to increase with lattice mismatch (see Ref. 13 for a
collection of data on the TDD dependence on f). For constant
composition Si;_,Ge, layers with x > 0.6 directly grown on
Si the TDD can reach 10’ cm 2"

A well established approach allowing the reduction of
the TDD consists in linearly grading the Ge content in the
buffer layer from pure Si to the final alloy composition x;."*
The continuous reduction of substrate temperature during the
growth minimizes surface roughening, making intermediate
chemical mechanical polishing (CMP) steps unnecessary. ">
The composition grading, by leading to a partialization of
the misfit strain along the layer, allows MD to be nucleated
gradually and enhances dislocation glide, promoting the for-
mation of longer misfit segments and, hence, reducing the
threading arm density. These graded layers are usually rela-
tively thick with an optimal grading rate around
7%—10%/um.">'” For x > 0.6, the resulting thickness is pro-
hibitive for molecular beam epitaxy due to the relatively low

© 2014 AIP Publishing LLC
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deposition rates and solid source consumption. The attain-
ment of TDD below 5 x 10°cm ™2 requires an intermediate
CMP step for virtual substrates (VSs) grown by ultra-high
vacuum chemical vapor deposition (UHV-CVD) and
reduced pressure-chemical vapor deposition (RP-CVD).'®
A TDD ~ 5 x 10°cm ™2 is attainable for Ge-rich graded vir-
tual substrates (GVS) grown by low-energy plasma-en-
hanced chemical vapor deposition (LEPECVD).?°

A so called “reverse grading approach,” where a reverse
graded layer is grown on a relaxed Ge epilayer, has also been
proposed.?' Extremely high hole mobility has been demon-
strated in modulation-doped Ge channels deposited on such a
buffer.? Nevertheless, the total thickness of these structures is
above 2 um, and the presence of the buried Ge layer can pro-
mote wafer bowing and possibly cracking (see Ref. 23) due to
the mismatch of Ge and Si thermal expansion coefficients.

The possibility to reduce the thickness of the VS main-
taining a good crystal quality becomes fundamental for
many purposes, such as the integration of optical functional-
ities on complementary metal-oxide-semiconductor (CMOS)
technology, the inhibition of parallel heat paths in lateral
thermoelectric devices, and the enhancement of heat disper-
sion in vertical optoelectronic devices. Moreover, the use of
thin relaxed buffers inhibits thermal strain related phenom-
ena such as wafer cracking, bending, and exfoliation.?*?

In this work, we present an approach which could be
suitable for applications requiring a reduced thickness VS.
The strategy we followed is based on the attempt to adapt
the thick GVS approach to a thin buffer layer. The rationale
is to reduce the lattice mismatch at the interface with the Si
substrate (and hence the threading dislocation formation at
the initial stage of the relaxation) by introducing composition
steps and/or partial grading (see Sec. II). Different designs
are presented and compared, keeping constant the final com-
position and the total thickness of the buffer layer. In all
cases, the chosen growth temperature guarantees a low ther-
mal budget.

The different samples were structurally characterized by
means of atomic force microscopy (AFM), high resolution
X-ray diffraction (HRXRD) and transmission electron
microscopy (TEM), and compared in terms of TDD (see
Sec. III).

The buffer showing the lowest TDD was used as VS for
the deposition of Ge/SiGe multiple quantum well (MQW)
structures; their optical quality was compared with that of
analogous MQWs grown on thick GVSs, which can be con-
sidered a benchmark of high structural and optical quality
(see Sec. IV).

J. Appl. Phys. 115, 093502 (2014)

Il. SAMPLES DESIGN AND EXPERIMENTAL

In this study, 1 um thick buffers having a final Ge con-
tent x,=75% with different designs were considered. An
additional 1 um thick Sip,sGeq .75 layer was deposited on top
of all the buffers to better resolve the final Ge content by
HRXRD. The samples were grown by LEPECVD on Si
(001) substrates. The growth rate was optimized for each
protocol as reported in Table I. The substrate temperature
was fixed at 475 °C in all the growth processes, which is the
optimized growth temperature for MQWs in our system. No
annealing step was performed. Figure 1 and Table I summa-
rize the main structural properties of the different buffers.

Sample A (reference buffer) consists in a constant com-
position Sij»5Geq 75 layer deposited at 6 nm/s. In samples B,
C, and D, the final composition x; of the relaxed Si;_,Ge,
buffer is reached by means of an intermediate Si;_,Ge, layer
with y < x.

Sample B (double step buffer) features an intermediate
0.5 um thick constant composition layer with a Ge content
y=40%, which is the highest mismatch still guaranteeing a
2D growth.?® Since the substrate temperature was kept con-
stant during all the deposition, this first step layer was grown
using a reduced growth rate of 2nm/s to ensure a relatively
good crystal quality. On top of this layer, a second layer hav-
ing the final Ge content x; was deposited at a growth rate of
6 nm/s, as for sample A.

Sample C (double step graded buffer) is characterized
by an intermediate 0.5 um thick constant composition layer
with a Ge content y =40% (growth rate of 2 nm/s), followed
by a second layer linearly graded from y to the final Ge con-
tent xy (grading rate 70%/pm). The growth rate of this graded
layer was varied from 2.0nm/s (the same used for the
y=40% layer) to 1.2nm/s, accordingly with the change in
composition.

Sample D (partial graded buffer) presents a single line-
arly graded layer. Due to the difficulties in growing low Ge
content alloys at low temperatures, the starting alloy compo-
sition y’ was chosen to be 30%. A grading rate of 45%/um is
consequently obtained. In this case, the growth rate was var-
ied from 10 nm/s to 6 nm/s.

HRXRD measurements were performed using a
PANalytical X’Pert PRO MRD high resolution X-ray dif-
fractometer equipped with a hybrid mirror and a 2-bounce
asymmetric Ge monochromator for a high-intensity Cu Kol
beam. A Tecnai F30ST TEM operated at 300kV (0.19nm
point-to-point resolution) was used for the TEM characteri-
zation. The cross-section TEM samples were prepared by

TABLE I. A summary of the nominal structural parameters, the growth conditions, and the TDD of the different buffer samples. The substrate temperature

was fixed at 475 °C in all the growth processes.

First layer Second layer
Sample X t (um) Type Growth rate (nm/s) t (um) Type Growth rate (nm/s) TDD (cm’z)
A 1.0 Constant composition 6.0 >1.0x 10°
B 0.4 0.5 Constant composition 2.0 0.5 Constant composition 6.0 5.0x 10
C 0.4 0.5 Constant composition 2.0 04— 0.75 0.5 Linear grading 20—12 1.7 % 108
D 03 —0.75 1.0 Linear grading 10 — 6.0 33 x 10
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FIG. 1. Schematics of the different

thin buffers: Sample A (reference

buffer), sample B (double step buffer),
sample C (double step graded buffer),
and sample D (partial graded buffer).
Each schematic is accompanied by a
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mechanical pre-preparation and subsequent Ar-ion milling
(4.3kV, 4°), the plan view TEM samples were prepared by
wet chemical etching. Plan view TEM analysis (averaging
over 20 images) was used for the determination of the TDD
(see last column in Table I). AFM topography pictures were
taken using a Veeco Innova microscope in tapping mode.

The optical analysis of the Ge/SiGe MQWs was
performed through room temperature absorption (ABS) and
photoluminescence (PL) measurements. ABS spectra were
measured in a Jasco V-570 spectrometer with a Peltier
cooled PbS photoresistance; the Brewster geometry was
employed in order to strongly reduce thin film interference
effects. A Jasco FT/IR-800 Fourier transform spectrometer,
equipped with a Peltier cooled PbS photoresistance (cutoff at
0.4eV), was employed for PL measurements. Samples were
excited using the 1064 nm line of a Nd:YVOQOy, laser, with an
exciting power density of about 1 kW/cm?.

lll. STRUCTURAL CHARACTERIZATION

Figure 2 summarizes the results of the structural analy-
sis: XRD w-20 scans around the (004) reflection, which for
symmetrical reflections are along the Q. axis, AFM topogra-
phy and TEM plan view pictures are reported for each
sample.

A surface root-mean-square (rms) roughness below
0.5nm was measured for all the samples, guaranteed by the
relatively low growth temperature. Cross-hatch roughness is
present in all the samples except sample A. The measured
Ge content and relaxation of the top layer of the different
buffers were found to be comprised between 75.3%—76%
and 101%—-102.5%, respectively. The (004) Bragg peak of
the Si substrate is visible at O, =4.6276 A~ for each sample
and is used as a reference for the SiGe (004) signals which
are visible at lower Q. values. The narrow width of the SiGe
peaks in the Q. direction demonstrates the good crystal qual-
ity of the grown material.

The XRD @w-20 scan of sample A, in which the peak at
QZ:4.49181°%_1 corresponds to the SiGe layer, shows the
good crystal quality of the layer compared to the Si substrate.
No cross-hatch roughness is visible in the AFM picture,
underlining the presence of short misfit segments (disordered
misfit dislocation network). Indeed, a TDD > 10° cm 2 was
measured for this sample.

Ge content x versus thickness ¢ plot.

Sample D

The presence of the two SiGe layers with different com-
position is clearly visible in the XRD 260 scan of sample
B, in which the peak at Q. =4.5523 Al corresponds to the
lower Ge content layer. The total mismatch to be released is
the same as for sample A, but strain partitioning in the two
layers prevents an excessive MD nucleation and reduces mu-
tual TD blocking. As a consequence, cross-hatch roughness
is present as shown in the AFM picture, while the TDD is
reduced to 5 x 10%cm 2.

The structure of sample C is as well easily detectable in
the corresponding XRD @-26 scan: The composition
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FIG. 2. XRD w-26 scans around the (004) reflection, AFM topography, and
TEM plan view pictures of the different buffers: Sample A (reference
buffer), sample B (double step buffer), sample C (double step graded buffer),
and sample D (partial graded buffer). Plan view TEM pictures show the
threading dislocations reaching the surface (visible as black spots and dotted
line).
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grading gives rise to the roughly constant intensity profile in
between the two SiGe peaks. Despite the fast grading rate of
70%/um, which is ~10 times larger compared to the one
used in standard thick GVS, the introduction of the graded
layer still yields a substantial reduction of the TDD to
1.7 x 108 cm ™2,

The XRD w-20 scan of sample D presents the intensity
profile resulting from the partially graded buffer. The meas-
ured TDD (3.3 x 10®cm?) is in between those of samples B
and C.

All the investigated buffers show a lower TDD when
compared to the constant composition reference (sample A).
Nevertheless, the most promising approach in terms of TDD
reduction is sample C.

A further degree of freedom towards the reduction of
TDD can be given by the optimization of the growth parame-
ters. As an example, an additional improvement has been
achieved by depositing the graded layer of sample C at
higher growth rates (from 10nm/s to 6 nm/s). The measured
TDD for this buffer is 7.8 x 10’ cm ™.

In order to better clarify the mechanism leading to the
TDD reduction, in Fig. 3 we compare plan view and cross
section TEM images of samples A and C. The plan view
images of the two samples have been already reported in
Fig. 2. Each dotted line in plan view images corresponds to a
single threading arm and indicates that the dislocation line is
not perpendicular to the surface, most likely gliding on (111)
planes. Sharp pits in plan view images provide evidence for
the presence of a second population of dislocations running
perpendicular to the (001) plane. Examples of a dotted line

FIG. 3. Plan view and cross section TEM images of sample A ((a) and (b))
and sample C ((c) and (d)). (a), (c), and (d): Bright field TEM images
acquired in (220) Bragg condition. (b) Dark field scanning TEM image in
(110) zone axis orientation. Dotted lines and sharp pits in plan view images,
as the ones underlined in (a) by a blue circle and an orange arrow, corre-
spond to 60° dislocations and vertical dislocations, respectively. In cross-
plane images (b) and (d), the top left edge corresponds to the SiGe/Si
interface.

J. Appl. Phys. 115, 093502 (2014)

and a sharp pit are underlined in Fig. 3(a) by a blue circle
and an orange arrow, respectively. These vertical dislocations
are typical of highly mismatched heteroepitaxy (Ref. 27), and
their formation is favored by an out-of-equilibrium concen-
tration of high-mobility vacancies, which is easily obtained at
high deposition rates and low deposition temperatures.”®
Since vertical dislocations lie outside the (111) planes, they
cannot glide, which greatly reduces the probability of disloca-
tion annihilation and TDD reduction. In sample A, a substan-
tial fraction of threading dislocations runs perpendicular to
the interface (sharp pits in Fig. 3(a)). In the case of sample C,
only 60° dislocations are seen in plan view TEM images (see
Fig. 3(c)). The formation of such glissile dislocations during
the relaxation of the intermediate layer favors the interaction
of threading arms during the subsequent deposition of the
graded layer leading to a reduced TDD. This analysis is con-
firmed by the cross section images shown in Figs. 3(b) and
3(d). The dense network of dislocations in (d) corresponds to
the ~1 um thick double step graded layer.

In Table II, a representative selection of literature data
for high Ge content SiGe buffers is reported, together with
the best result presented in this work. Our data can be com-
pared in particular with the works of Shah er al. (Refs. 21
and 23) and Capellini et al. (Ref. 29), both focused on thin
relaxed buffers comprising a Ge epilayer interposed between
the Si substrate and the SiGe relaxed buffer. The thin buffers
of Refs. 21, 23, and 29 outperform our most representative
sample in terms of TDD, yet our double step grading
approach provides an extremely low rms roughness and a
limited thermal budget, resulting from the low deposition
temperature and the short deposition time (~10 min).

IV. Ge MQW DEPOSITION AND OPTICAL
CHARACTERIZATION

As a further validation of the effectiveness of the
proposed approach, we used the buffer layer characterized
by the higher structural quality (sample C) as a VS for the
deposition of Ge/Sip 15Gepgs MQWs (sample MQWonC).
The optical quality of the multilayer has been compared with
that of Ge/Sig15Geggs MQWs that have been grown on a
standard 14 um thick GVS (sample MQWonGVS) and on a
2 um thick constant composition SiyGego buffer (sample
MQWonA). All the MQW samples feature 50 nominally
10nm thick Ge quantum wells and 21 nm thick Sig ;5Geg g5
barriers. The structure of MQWonGVS sample is analogous
to those discussed in Refs. 31-33 and can be used as a
benchmark of quality.

The growth of MQW structures requires strain balance
between the well and the barrier layers (Ref. 34), which
implies a VS with a proper final composition matching the
average Ge content of the MQW stack. In the case of the
studied Ge/Sig 15Geggs MQWs, a VS with a final Ge fraction
x=90% is needed. Consequently, a modified version of
sample C has been developed: While the first layer of the
buffer was kept unchanged, the second layer was graded
from SipsGegs to Sig1Gego (100%/um). This modified
buffer reproduced the structural quality of sample C (as
shown by similar structural analysis, not discussed here). An
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TABLE II. Comparison of representative literature data for high Ge content SiGe buffers, together with the best result presented in this work (sample C). The
two sets of data from the works of Shah er al. (Refs. 21 and 23) differ in the grading rate of the reverse graded layer.

Growth Total Growth rms
Approach Technique Xf Thickness Temperature Roughness TDD
(%) (pum) (°0) (nm) (em™?)

Linear grading® UHV-CVD 100 12 800 47 (1-5) x 107
Linear grading with CMP* UHV-CVD 100 12 800/750/550 242 (2.1 £0.2) x 10°
Linear grading with CMP® RP-CVD 75 9 850 15 1x10°
Reverse grading® RP-CVD 78 2.8 400-670/850 2.6 £0.3 (4.2 +0.1) x 10°
Reverse grading” RP-CVD 78 3.8 400-670-830/850 1.9 3.3 x10°
SiGe/Ge/Si® UHV-CVD 78 0.7 350-550/550 5 ~107
Linear grading” LEPECVD 80 12 750 — 575 2.9 3% 10°
Double step grading (sample C)® LEPECVD 75 2 475 <0.5 7.8 % 107

“Reference 18.
PReference 19.
“Reference 21.
YReference 23.
“Reference 29.
Reference 30.
2Present work.

additional 1 um thick Siy;Geg o layer was deposited in order
to allow the comparison with MQWs on standard GV Ss.

Figure 4 shows the room temperature ABS spectra of
samples MQWonC, MQWonGVS, and MQWonA. The
stair-case shape typical of the density of states of type-I
QWs is clearly visible in all the spectra. The ABS features
are due to direct transitions between confined states at I', as
discussed in Refs. 31 and 32. Marked excitonic peaks are
visible in the spectrum of sample MQWonGVS, they
become smoother in the spectrum of sample MQWonC and
completely disappear in the spectrum of sample MQWonA.
In the following comparison, we will concentrate on the first
ABS peak, related to the HH1-cI'1 transition from the first
heavy hole to the first conduction band confined states.

The room temperature PL spectra of samples
MQWonGVS and MQWonC are reported in Fig. 5. As
discussed in Ref. 33, the transition at about 0.85eV is

1.0 T T >
------- MQWonGVS 7
/
08l — MQWonC . ]
------- MQWonA 7 A

0.6

O.D.

0.4

0.2

E (eV)

FIG. 4. Room temperature absorption spectra of nominally identical MQW:s
deposited on double step graded buffer (MQWonC, black continuous line),
thick graded buffer (MQWonGVS, purple dashed-dotted line), and constant
composition buffer (MQWonA, green dashed line), respectively. The data
have been offset for clarity. The slight differences in peak energies are
related to the different actual well thicknesses.

attributed to the direct cI'I-HHI1 recombination, while the
broad band at lower energies is due to the indirect cL1-HH1
emission, where cL1 is the first confined state at the L point
of the conduction band. The overall PL intensity of sample
MQWonC is about 2 times lower compared to that of sam-
ple MQWonGVS. The emission of sample MQWonA could
not be resolved from the experimental noise and is not
reported in the figure.

ABS excitonic lines can be used for an assessment of
the structural quality of the QW stack that in turn reflects the
quality of the buffer. In fact, threading dislocations are
expected to induce the broadening and, eventually, the disap-
pearance of the excitonic peaks. Furthermore, in PL spectra,
the emission intensity acts as an indicator of structural
quality.

The fact that excitonic peaks are visible at room temper-
ature in the ABS spectrum of MQWonC, together with the
observation of interband recombination at room temperature
in the PL spectrum, indicates that the structural quality of
MQWonC is close to that of MQWonGVS, despite the
noticeably reduced thickness of the buffer in the first case.

0.3 — - ' '
P MQWonGVS N,
<\
2 — MQWonC ;o
= ! \
< ! A
_8- 0.2+ .’! i\ |
8 /"\ il ‘
2 !
§ 01r
<
—
D_ -
0.0 B et T
0.6 0.7 0.8 0.9 1.0
E (eV)

FIG. 5. Room temperature photoluminescence spectra for samples MQWonC
(black continuous line) and MQWonGVS (purple dashed-dotted line).
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Nevertheless, half width at half maximum values for the
HHI1-cI'1 transition have been extracted from ABS spectra,
obtaining 8 meV and 11 meV for samples MQWonGVS and
MQWonC, respectively.

On the other hand, the use of a constant composition VS
(sample MQWonA) results detrimental in terms of structural
and optical quality, as suggested by the disappearance of
excitonic peaks in the ABS spectrum and by the very low
emitted intensity which prevents the detection of the PL
spectrum. These evidences confirm the results of the struc-
tural analysis presented in Sec. II1.

V. CONCLUSIONS

We studied different thin Ge-rich SiGe buffers grown by
LEPECVD meant to be virtual substrates for the integration
of Ge heterostructures on Si. The chosen growth temperature
guarantees a low thermal budget, making our approach
appealing for CMOS integration. All the proposed designs
demonstrate a reduction of the TDD compared to constant
composition SiGe films having the same thickness and final
Ge content. In particular, the double step grading approach
allows a reduction of the TDD up to 7.8 x 10’ cm ™2, which
can be explained in terms of dislocation dynamics and con-
trol of the growth parameters. The effectiveness of this
design was confirmed by the optical analysis of Ge/SiGe
MQWs grown on top of a double step graded buffer: Their
optical quality is close to that typical of MQWs grown on
standard thick GVSs, despite the buffer total thickness has
been reduced by a factor of 7. Indeed, exciton ABS peaks
are visible also at room temperature, and the overall PL in-
tensity is only 2 times lower.
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