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Strain analysis in SiN/Ge microstructures obtained via Si-complementary
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We have analyzed the strain distribution and the photoluminescence in Ge microstructures
fabricated by means of a Si-CMOS compatible method. The tensile strain in the Ge microstructures
is obtained by using a SiN stressor layer. Different shapes of microstructure, allowing the Ge layers
to freely expand into one, two, or three dimensions, resulted in different strain distribution profiles.
Maximal equivalent biaxial tensile strain values up to ~0.8% have been measured. Room
temperature photoluminescence emission has been observed and attributed to direct-band gap
recombination spectrally shifted by tensile strain. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4772781]

INTRODUCTION

Over the last decade, rapid advances in Si photonics have
enabled the mass production of higher functionality and lower
cost photonic components (such as waveguides, modulators,
and photodetectors) integrated with electronic circuitry in sili-
con complementary metal oxide semiconductor technology
(Si-CMOS).! The major outstanding hurdle to realize a low-
cost, fully functional silicon-photonic platform is the realiza-
tion of a monolithically integrated laser.” The integration of
the light source would lead to cost reduction, increased yield,
easing of the packaging, and link-budget improvement.
Among several proposed integration approaches, integrated
lasers comprising active regions based on III-V/Si or SiGe/Si
heterostructures are especially interesting.” In particular, Ge/
Si heteroepitaxial layers are very promising since Ge is now
considered a “fab”-compatible material' and is deemed as one
of the most promising material for “more than Moore” device
development.”

Both optically* and electrically’ pumped Ge-on-Si lasers
have already been demonstrated. To achieve this goal, the
authors exploited the residual tensile strain, of the order of
£¢=0.2%, accumulated during the growth process® and
n-type doping into the Ge layer. The tensile strain induces a
shift of the I" and L valleys of the Ge conduction band which
results in a decrease of their energy difference and a conse-
quent higher percentage of electrons in the higher energy I
valley. If population inversion is achieved, a direct bandgap
optical gain can be observed.” The excess carrier density
needed to realize this condition is high (NIO20 cm73). Such
high density generates parasitic absorption, limiting the net
optical gain. Although optical gain values as high as
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1000cm ™" are expected in highly phosphorous-doped Ge
layers (~10%° cm™?), a maximum gain of ~50cm ™" has been
reported.” This remarkable difference can be due to the in-
herent difficulty to achieve the requested high active n-type
doping density in Ge,® and/or, as recently suggested in Ref.
9, to an oversimplification of the optical gain model proposed
in Refs. 4 and 5 which does not include valence intraband
absorption. As a consequence, a rather high threshold current
density for lasing has been reported (~10° A.cm ) that lim-
its the emitted optical power due to contact breakdown.

If the T'-L energy barrier is decreased by applying higher
tensile strain, much lower densities of injected carriers are
needed and higher net optical gain values can be achieved. A
tensile strain value of ¢~2% is enough to induce a I'-L
cross-over leading toward a “direct-type” gap structure in
Ge.'® Upon using tensile strain in the 2-3% range, net optical
gain value of ~3000 cm ™' value are expected for n-type dop-
ing density of 8 x 10'® cm ™, an easier-to-achieve donor den-
sity. Moreover, for doping density below 10" cm ™2, the gain
is expected to increase with the operating temperature with a
maximum at 350K, a value close to typical on-chip tempera-
tures.'” Therefore, different fabrication approaches based on
micromechanical engineering'®™'? or on the use of stressor
layers'>~'® have been proposed to achieve tensile strained Ge
microstructures suitable for optoelectronic applications.

The applied mechanical stress results in a strain distribu-
tion dependent on the Ge structure shape and on its capabil-
ity to elastically relax by lateral expansion and/or bending.
This inhomogeneous strain distribution is expected to influ-
ence the optical properties of the Ge microstructures. In par-
ticular, it would be highly desirable to understand its effect
on the gain mechanism in tensile Ge.’

In this paper, we investigate the strain distribution and the
photoluminescence (PL) in Ge microstructures fabricated on
Silicon-on-insulator (SOI) substrate by means of a Si-CMOS

© 2013 American Institute of Physics
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compatible method. The tensile strain in the Ge microstruc-
tures is obtained by using a compressively strained SiN stres-
sor layer. Microstructures of different types have been
fabricated, allowing the Ge layers to freely expand into one,
two, or three dimensions, resulting in different strain distribu-
tion profiles along the structure as probed by micro-Raman
spectroscopy. Maximal tensile strain values up to &~ 0.8%
have been measured. Room temperature PL emission has been
observed and attributed to direct-band gap recombination
upon comparison with 30 band k.p calculations.

EXPERIMENTAL AND FABRICATION METHOD

The investigated microstructures were fabricated in the
state-of-the-art 0.13 um BiCMOS process line at THP on 8"
SOI wafers.

First, we deposited a 400 nm-thick Ge layer by reduced
pressure chemical vapor deposition (RPCVD) using a two-
temperature process comprising the deposition at T = 300°C
of a Ge seed layer followed by a high temperature growth
step at 550°C. Several cycles of annealing at 800 °C have
been performed during the Ge deposition to reduce threading
dislocation density as detailed in Ref. 17. On top of the Ge
layer, a 400 nm-thick SiN stressor layer was deposited on top
of Ge by plasma enhanced chemical vapor deposition
(PECVD) using a mixture of SiH, and NHj3 using N, as car-
rier gas. The SiN layer deposition conditions were selected
to maximize the residual compressive stress in the stressor
layer. After the deposition of the stressor layer, another SiN
layer was deposited on the wafer back to prevent wafer bow-
ing and, consequently, to avoid chucking issues during the
fabrication process. The micro-structures were then fabri-
cated out of the deposited SiN/Ge/SOI stack using a standard
lithographic process.

Selected areas of the stack were removed by reactive ion
etching, exposing the underlying buried oxide layer (BOX).
In such a way, micro-stripes of Ge attached to the substrate
were fabricated. The length / ranged between 10 and 60 um
(along the x-axis) and the width w between 1 and 10 um (y)
(Fig. 1(a)).

The second type of structures considered, i.e., the SiN/
Ge/Si suspended micro-bridges shown in Fig. 1(b), was
obtained upon removal of the 2 um-thick BOX using a 5%
HF buffered wet-etch solution.

Selected micro-bridges were then detached from the sur-
rounding blanket material using a focused ion beam (FIB) in
order to allow the structures to freely expand in all the three
dimensions Fig. 1(c). We point out that FIB was only used to
save development time and the cost of a mask-set, but the
same process can be performed using standard clean room
lithographic processes.

J. Appl. Phys. 113, 013513 (2013)

Micro-Raman measurements were performed after each
fabrication step in order to evaluate the elastic strain into the
realized micro-structures. We have used an InVia Renishaw
spectrometer working in backscattering geometry equipped
with a 633-nm laser focused to a spot of ~0.8 ym in diameter
using a 100x objective lens with a numerical aperture of
0.85. The laser penetration depth in the Ge layer is ~90 nm.
The laser power was low enough to prevent heating of the
material, as proved by monitoring the peak position of the
Raman Ge-Ge mode over a long acquisition time. Each
micro-structure was characterized by a series of measure-
ments in its half and at a quarter of its length. Additional
measurements were performed on the blanket stack 10 and
20 um away from the structure’s edge. The Raman shift of
Ge-Ge mode wg,.g. In micro-structures was measured with
respect to the Ge-Ge phonon mode energy as measured in a
Ge(001) reference bulk crystal (®%, , = 300.17cm ™).
The equivalent in-plane biaxial strain £ = ¢, = &y was cal-
culated using the relationship'®

0

WGe-Ge — DGo_Ge bi

_— = 1
390 ¥ 1

This relationship was obtained measuring by means of
X-ray diffraction the biaxial strain in Ge/Si unstructured
layers of different thickness and thus at different stages of
their plastic relaxation. Strain values between —1.5% and
—0.12% were obtained in Ge/Si layers having a thickness
ranging in the 5-50 nm range. The measurements were per-
formed with a SmartLab diffractometer from Rigaku
equipped with a 9 kW rotating anode Cu source, a Ge(400)
x 2 crystal collimator, and a Ge(220) x 2 crystal analyzer.
The Bragg peak positions of Ge(004) and asymmetric (224)
reflections were used to measure the in plane and out of
plane lattice parameters. Raman shifts were then measured
in 30 points of each Ge/Si blanket wafers to increase statisti-
cal accuracy. The measured strain-shift coefficient is b =
—390 =25cm™ ", in very good agreement with the values
reported in literature.'®

Numerical simulations of the strain field distribution
were carried out using the Flex-PDE commercial package
based on the finite element method (FEM).19 Photolumines-
cence (PL) measurements were performed at room tempera-
ture (RT) using a 532 nm excitation wavelength and a micro-
PL set-up, comprising a 50 cm spectrometer and an extended
InGaAs photodetector. Also in this case, a low excitation
power was used to prevent heating of the micro-structures.

We emphasize that for the majority of processed
micro-structures, the strain is not purely biaxial, as evi-
denced by finite element simulations. We did however use
the notion of an equivalent biaxial strain deduced from

FIG. 1. Scanning electron microscope
(SEM) image of typical micro-structure
(I=20 um, w=2 um) at three different fab-
rication steps: (a) micro-stripe definition
upon window opening in to the SiN/Ge/SOI
stack, (b) under-etching, and (c) after final
trimming and detachment.
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Raman measurements following Eq. (1) to quantitatively
compare different structures. The equivalent biaxial strain
is indeed a relevant parameter to describe the effect of
strain on the electronic band structure and the degree of car-
rier injection needed to achieve population inversion.

RESULTS AND DISCUSSIONS

First, we focus on blanket, unstructured SiN/Ge/SOI
stack. By optimizing the stressor deposition parameters, a
high compressive stress of o5,y = —2 GPa in the SiN layer
on Ge/SOI was obtained, as calculated by measuring the wa-
fer curvature and using the Stoney equation.”’ Raman meas-
urements performed on a blanket SiN/Ge/SOI wafer (not
shown) indicate a tensile strain value in Ge of ¢=0.26%, a
value very close to that measured on Ge/SOI layer which is
due to the different coefficient of thermal expansion in Ge
and Si.° Therefore, the stressor layer does not significantly
affect the strain in un-patterned Ge layer.

In Fig. 2(a), we report the measured Raman shift and the
value of the corresponding equivalent biaxial strain for the
micro-structured Ge layers of Fig. 1 (/=20 um, w=2 um,
square) after each of the three process steps: (i) defining a
micro-stripe (blue markers); (ii) under-etching and releasing
the micro-bridge from the substrate (red); (iii) trimming the
micro-bridge (green). Data for micro-structures having same
length and w=1 um (circle) are reported also for compari-
son and will be discussed in the following.

Immediately after the first stage of the micro-stripe pat-
terning, the tensile strain in Ge is increased, reaching a maxi-
mal value of ¢~ 0.5% in the middle of the structure. Thus,
the tensile strain value nearly doubles with respect to the un-
patterned Ge layer, even though the structures are firmly
attached to the underlying BOX.

In order to analyze the SiN relaxation mechanism and
the resulting accumulation of tensile strain in the Ge layer,
we now discuss the displacement field as calculated by FEM
in a cross section at the center (x =0; yz plane, Fig. 2(b)) of
a [=20 um long and w=2 um wide micro-stripe, i.e., the
micro-structure shown in Fig. 1(a). Only displacement field
components tangential to the displayed planes are shown.

The displacement field into the SiN layer is due to the
relaxation of the initial compressive stress which occurs
mostly along the y direction. This relaxation “pulls” the Ge
layer and induces the accumulation of tensile strain. The dis-
placement field is not homogeneous in the structure. In par-
ticular, the displacement along the micro-stripe axis x is
hindered by the surrounding blanket material, whereas the
relaxation along the z direction, normal to the substrate, is
prevented by the underlying attached BOX as shown in Fig.
2(b). In consequence, the stress originating from the SiN
layer is partially released at free surfaces along the edges of
the micro-stripe towards the trenches opened in the stack.
This result demonstrates that the strain field is not purely
biaxial and that the total strain is dominated by the displace-
ment along the y direction.

A more detailed analysis of the strain distribution along
the x-axis is reported in Fig. 2(c), where we show the com-
parison between Raman measured biaxial strain (square) and

J. Appl. Phys. 113, 013513 (2013)
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FIG. 2. (a) Biaxial strain values (left axis) and measured Raman shift meas-
ured along the x-axis of two Ge microstructrures (/ =20 um, center at x = 0)
having width of 1 um (circle) and w =2 um (square), after: defining a micro-
stripe (blue markers), under-etching and releasing the micro-bridge from the
substrate (red), and trimming the micro-bridge (green). The vertical dotted
lines define the micro-structure length. (b) Displacement field calculated for
a /=20 pm long and w =2 um wide micro-stripe at its center (yz plane cross
section at x =0). (¢) Biaxial strain and measured Raman shift as measured
(square) or calculated (gg;y = —2 GPa blue line, og;y = —3 GPa red line) in
half microstripe / =40 um long and w =2 um wide. The origin x =0 is set at
the end of the edge of the microstripe, negative values correspond to meas-
urements on the unpatterned region of the surface.

the results obtained from FEM simulations (lines) for a
micro-stripe having /=40 ym and w =2 um. For symmetry
reason, we have plotted only half of the structure. The origin
is set at one of the ends of the patterned microstripe. The
biaxial strain away from the structure is exactly the same as
the one measured in the unpatterned wafer. The equivalent
tensile strain is observed to increase already 5 um away from
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the microstripe end and it monotonically increases into the
patterned structure and reaches a plateau at about one fourth
of the stripe length. The FEM simulation reproduces very
well the observed behavior along the structure, including the
presence of a dip at the very edge of the microstripe due to
uniaxial compression of the Ge layer along the y and z direc-
tions. The initial SiN compressive stress value was set to be
in the (—2; —3) GPa range: the good agreement with the
measured data confirms that the blanket SiN/Ge stack
relaxed only where the microstructures were fabricated.

In Fig. 3, we report the Raman shift together with the
biaxial strain value in Ge measured (a) at the center and (b) at
the junction with the blanket stack for different lengths and
widths of a micro-stripe. The strain measured at the center
increases for narrower and longer stripes and is larger than the
tensile strain at the junction with the blanket stack. The maxi-
mum observed strain amounts to ~0.6% for stripes having
/=60 um and w=2 um. A similar behavior is observed for
the strain measured at the edge of the micro-stripes, although
the strain variation with size is less intense. In order to maxi-
mize the strain field in germanium microstripes, it is thus pref-
erable to select structures with large lengths and small widths.

The subsequent fabrication step comprised the detach-
ment of the micro-stripes from the substrate upon etching the
BOX underneath (see Fig. 1(b)). As a result, the stress accu-
mulated in the SiN-stressor is partially released by bending
of the suspended micro- bridge. FEM simulations in Fig. 4
show that the bending is caused by the force exerted on the
detached bridge by the surrounding wafer regions. In Fig.
4(a), the under-etched edge of the blanket stack is observed
to bend downwards (see arrows) and to exert a force on the
micro-bridge. This phenomenon is highlighted by the dis-
placement field reported in plan-view and cross-section in
Figs. 4(b) and 4(c), respectively. Although the micro-bridge

J. Appl. Phys. 113, 013513 (2013)

FIG. 3. Raman shift and biaxial strain values
in Ge at the center (a) and at the junction
with the blanket stack (b) for different
lengths / and widths w of a micro-stripe.

itself counteracts this force, the resulting force induces a
downward bending. This entails a compression of the middle
section and tension of the micro-bridge edges, in agreement
with the Raman measurements reported in Fig. 2(a).
Although still tensile, the strain in the center (0.1-0.4%) is
evidently smaller than the strain at the edge of the micro-
structure (0.4-0.45%). The comparison of two presented
widths indicates (see Fig. 2(a)), that wider bridges counteract
more efficiently the external force and are characterized by
more homogeneous strain field. On the contrary, narrower
bridges have a high gradient of strain along the micro-bridge
axis. Interestingly, compressive strain was observed in the
middle of very short and narrow micro-bridges (not shown).

Finally, micro-bridges edges were detached from the
surrounding blanket stack as shown in Fig. 1(c). These
trimmed micro-bridges bent upwards. The external force act-
ing from the surrounding blanket is removed and the stress
stored in the SiN layer can be completely relaxed. A closer
look on the strain values reported in Fig. 2(a) indicates that
the trimming induces, as compared to the released micro-
bridge, an increase of tensile strain in the whole structure by
roughly 0.25% with a maximum values at its edges.

In Fig. 5, we present the comparison between the strain
values measured at the edge of underetched and trimmed
micro-bridges having the same width w =2 um and length / in
the 10-60 um range. We can observe that the structure length
has a larger impact on the strain in underetched micro-bridges
than in their trimmed counterparts (~0.11% and ~0.06% var-
iation in the investigated range). A maximum tensile strain
value of £¢=0.8% was measured in the longest trimmed
micro-bridge here investigated. This value is very similar to
the maximum value obtained in Ref. 15, although we
achieved it in a structure having a wafer footprint two order of
magnitude smaller. We point here out that the tensile strain is

FIG. 4. Results of FEM simulation on

micro-stripes detached from the substrate:
(a) three dimensional results showing the
downward bending of the structure, (b)
plane view, and c) cross section image of
the calculated displacement field.
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FIG. 5. Biaxial strain values and measured Raman shift, at the edge of
under-etched (dot) and trimmed (square) w =2 um wide micro-bridges as a
function of the length /.

larger than 0.65% along the whole microbridge for the 2 um
large bridge. It indicates that this method is very efficient to
induce large strains in structures with size compatible with op-
tical waveguiding. We can observe that the maximum stress
transfer is achieved in the case of trimmed structures which
are however expected to have a smaller efficiency for heat dis-
sipation. There is thus a trade-off between thermal budget
management and maximum achievable tensile strain. Even if
the strain amplitude is smaller for microstripes as shown in
Fig. 2(a), these structures might be more suitable under high
optical pumping necessary to achieve population inversion.
We next discuss the results of PL. measurements. Figure
6 shows the RT-PL spectra of: (a) a micro-stripe measured at
the center (top) and at its edge (bottom) and (b) a trimmed
micro-bridge measured close to the edge. In both cases, the
PL signal is dominated by a single peak convoluted with
Fabry-Perot resonances which are correlated with the width of
the structure. There is a clear red-shift of the PL peaks respect
to the one observed in a reference blanket Ge wafer (PL peak
at 1560 nm). The photoluminescence resonance can be com-
pared with the one predicted by the modeling based on a 30

(a)_:

TT T T T[T T T[T T T TTT1]

RT PL intensity (arb. units)

NP PP IR PP PR AR EPEPEP AP B
1500 1650 1800 1950 2100 1500 1650 1800 1950 2100

Wavelength (nm)

Wavelength (nm)

FIG. 6. (a) RT PL of a micro-stripe (/ = 60 um, w =5) measured at its center
(top) and at the structure edge (bottom). The curves have been offset for
clarity. (b) Photoluminescence of a trimmed micro-bridge (/ =40 um, w =2)
measured close to the edge.

J. Appl. Phys. 113, 013513 (2013)

band k.p description of the band structure which takes in to
account the strain distribution simulated by FEM.*' From the
modeling, we obtain that the peak resonance is sensitive to
the photo-induced carrier density. At low excitation density,
such the one here used, recombination associated with light-
hole and heavy-hole bands contribute to the spectrum with
similar amplitudes: we thus attribute the observed PL features
to these recombination processes. As expected, the PL peak
shifts toward longer wavelength for higher values of the ten-
sile strain. The uncertainty in the determination of the exact
position of the PL peaks is due to the broadening of the
recombination, the Fabry-Perot resonances and the residual
noise (low excitation power).

For the micro-stripe (Fig. 6(a)), the maximum is observed
at a wavelength of 1615nm at the edge of the structure and
1650 nm at the center, respectively. The tensile strain is thus
observed to be significantly larger at the center of the stripe
than at its edge, in agreement with Raman measurements
reported in Fig. 2(a). In the case of the trimmed micro-bridge,
the maximum photoluminescence intensity is observed at
~1700 nm. This confirms that the tensile strain at the edge of
the trimmed micro-bridge is larger than the tensile strain at
the edge of the under-etched structure, as seen in Fig. 2(a).

For the micro-stripe (center - Fig. 2(a)), the PL spectrum
is consistent with a 0.6% equivalent biaxial strain in agree-
ment with Raman measurement and with FEM modeling (we
obtained by FEM modeling &, =1.11%, &, = —0.12%, equiv-
alent to a biaxial strain value &” =0.57%). For the trimmed
structure, the PL spectrum is consistent with a 0.7% equiva-
lent biaxial strain in agreement with strain values reported in
Fig. 5 (0.76%). We note that the area probed by PL might
differ from the one probed by Raman, therefore explaining
the slight variations between different type of measurements.

CONCLUSIONS

In summary, we have discussed a fully Si-CMOS com-
patible approach to fabricate SiN/Ge/Si micro-structures
comprising tensile strained Ge active layers. We have shown
that by adjusting micro-structure size and shape, the strain
distribution within Ge layer can be optimized and accurately
controlled. Tensile strain values as large as ~0.8% were
achieved. Room temperature direct band gap recombination
was observed on these structures. The PL resonances have
been found to depend on the microstructure strain distribu-
tion as measured by Raman scattering.

We believe that the SiN-stressor-based approach to ten-
sile strained Ge will have high impact on the fabrication of
integrated devices for photonic applications. Our future
activities will aim at further increasing the tensile strain into
the microstructure and optimizing the strain distribution
within the Ge layer upon acting on the SiN-stressor deposi-
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