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Abstract — Photoluminescence up to 2.25 um wavelength is demonstrated from Ge
nanopillars strained by silicon nitride stressor layers. Tensile biaxial equivalent strains of
up to ~ 1.35% and ~ 0.9% are shown from 200 x 200 nm, and 300 x 300 nm square top
Ge pillars respectively. Strain in the latter is confirmed by Raman spectroscopy, and
supported by finite element modelling, which gives an insight into the strain distribution
and its effect on the band structure, in pillar structures fully coated by silicon nitride

stressor layers.
Introduction

Germanium has received significant attention as an optical material in recent years, as it
has the potential to open the door to active, complementary metal-oxide semiconductor

(CMOS) compatible, photonic components. Despite being an indirect bandgap material,



gain and lasing have been demonstrated from the Ge direct bandgap (I'-band to heavy
hole (HH) and light hole (LH)) [1][2], which is only ~140 meV above the indirect. This
has come at the expense of high free carrier losses from degenerate n-type doping, which
is required to move the Fermi level near to the I'-band. Applying tensile strain to Ge has
the potential to make it direct bandgap, as the I' direct band energy decreases with strain
at a greater rate than the indirect (L) [3], therefore creating a device which requires lower
doping, and has a lower threshold. Furthermore, strained Ge photodiodes can have their
absorption edge pushed to longer wavelengths, also resulting in enhanced absorption at
1.55 pm, and many other SiGe devices can be bandgap engineered by the application of

external stress.

Several different methods of straining Ge have been demonstrated, including top down
micro-bridge structures [4], nano-membranes [5,6], and high stress silicon nitride layers
[7-10], which in particular have the advantage that they are fully CMOS compatible, and
are already used for mobility enhancement of strained Si channels. Furthermore, silicon
nitride (SixNy— from here on referred to as SiN) stressors can alleviate the need for free
standing structures, which can help reduce heating in optical devices. In this work, Ge
nanopillars were fabricated to examine the limits of SiN stressors on small structures on
Si substrates using fully CMOS compatible materials and processes. Results demonstrate
emission up to 2.25 um, which is a larger red shift than previously demonstrated using

SiN stressor layers.

Growth



A low-energy plasma-enhanced chemical vapour deposition (LEPECVD) tool was used
to grow 500 nm of Ge on a 100 mm diameter p-Si (100) wafer, as described in [11]. The
Ge was in-situ phosphorus doped with Np ~ 2.5 x 10" ¢cm™ as confirmed by Hall-bar
measurements at 300 K. In order to avoid out-diffusion of the phosphorus dopants [12],
the wafer was not annealed, and therefore it has negligible strain in the Ge epilayer,
which normally accumulates at high temperatures due to the difference in thermal
expansion coefficients between Si and Ge. Raman spectroscopy confirmed the strain in
the Ge epilayer was negligible. Photoluminescence measurements on blank samples
demonstrated a direct band at 1.6 pm. This shift from ~1.55 pum (where the direct band is
expected) is due to bandgap narrowing (BGN) from degenerate phosphorus doping [13].
Approximately 32 meV BGN has therefore been assumed to be constant over all strain
levels, and taken into account when deducing strain levels from photoluminescence (PL)

measurements.
Fabrication

Arrays of squares were patterned in hydrogen silsesquioxane (HSQ) resist, with separate
arrays containing squares of 300 nm, and 200 nm side lengths. These were subsequently
etched in a mixed SF¢ and C4Fs recipe [14] through the Ge epilayer and into the Si,
leaving 560 nm tall pillar structures. Residual HSQ was removed in a buffered

hydrofluoric acid solution.

An inductively coupled plasma, plasma enhanced chemical vapour deposition (ICP-
PECVD) system was used to deposit layers of high stress silicon nitride (SiN). The stress

in these layers was calculated by using a surface profiler to measure the curvature of a



silicon wafer before and after the silicon nitride deposition. This allows the stress in the
film to be calculated using Stoney’s equation [15]. This calculation also requires the film
thickness of the SiN, which was measured by ellipsometry, and further verified by
measuring the step height of a selectively stripped silicon nitride layer using a surface

profiler.

Three separate samples were processed, each containing 300 and 200 nm square top
pillars. One sample received a ~150 nm SiN layer with negligible stress, to be used as a
reference. The other two samples received ~150 nm thick SiN layers with 1.9 GPa, and
2.7 GPa of compressive stress respectively. When deposited on patterned features, the
compressive stress causes the SiN to expand, thus transferring tensile strain into the Ge

features. 300 nm square top pillars with a SiN stressor layer is shown in Fig. 1.

Photoluminescence

Photoluminescence (PL) measurements were undertaken at room temperature on a

Bruker Vertex 70 Fourier transform infrared (FTIR) spectroscopy system with an
extended InGaAs detector with a cut-off at ~ 2.5 pm. The tool was operated in step-scan
mode, which makes use of a lock in amplifier to discriminate against signals that have no
frequency component with the 1 kHz optical chopper, which is placed in the beam path of
the pump. The experimental setup is shown in Fig. 2, which shows the pump

illuminating the sample through an aperture in a parabolic mirror. This mirror collects the
sample emission, which is then coupled into internal interferometer of the FTIR system
through a CaF; optical window. The step-scan measurement removes the ambient

blackbody heating from the PL, which is normally visible in fast-scan operation. A diode



pumped, continuous wave solid-state laser emitting at 532 nm was used as the excitation
source. In terms of energy, this corresponds to an excitation high above the Ge band-
edge, so even at low excitation powers a small tail towards longer wavelengths is visible
in the photoluminescence, which is the additional heating after the removal of the
ambient blackbody. This can be observed in Fig. 3. The reference sample, with the
negligibly stressed SiN layer, was used to confirm the absence of any optical effects such
as diffraction that might alter the spectral shape of the emission. The sample stage was
tilted through ~ 50° to confirm the spectra remained unchanged. Furthermore, it was
confirmed that no heating was significant enough to move the Ge band-edge by varying
the power of the pump with a neutral density filter. The shoulder in the PL from the

reference sample at ~ 1.8 pm is from the I' to HH transition.

As demonstrated in Fig. 3, the spectra were found to red-shift with increasing stress, and
with decreasing size of the pillar. For the 300 nm pillars with 1.9 GPa stressors, only
one peak is evident, which is thought to comprise emission from both the direct and
indirect bands. With the increased stress of the 2.7 GPa stressor, a transition has moved
to longer wavelengths, at close to 2 um. This has been attributed to be the I' to LH
transition. At high levels of strain this transition is highly transverse magnetic (TM)
polarised with the electric field parallel to the pillar axis [16], and therefore propagates
parallel to the sample plane. This may account for the lack of intensity associated with
this peak. Despite being highly polarized, however, a transverse electric (TE) component
is still present, in part due to relaxation of the selection rules from non-parabolicity [17].
Furthermore, scattering processes will also serve to out-couple TM emission to the

surface normal direction. Based on deformation potential theory [18], a ' to LH transition



at this wavelength would suggest ~0.9 % biaxial equivalent strain in the 300 nm pillar,
using deformation potential constants reported in [5]. This has been accounted for the 32
meV BGN measured on this material; a consideration that is important, as if neglected, it

can otherwise overestimate the strain based on PL. measurements.

For the 200 nm pillars, a reduction in intensity is observed compared to the 300 nm
pillars. This is likely due to the reduced volume and therefore density of Ge material for
a given area, as the same gap space was left between 300 and 200 nm pillars to allow for
the lateral expansion of the SiN layers. Nevertheless, a clear red shift was still
observable, with a peak centred at ~ 2.25 pm for the highest strain sample. This
constitutes a redshift of 0.65 pm from the degenerately doped, unstrained band-edge, and
is a larger redshift than other works using SiN stressor layers. Assuming I' to LH
transitions, this would result in up to ~ 1.35% biaxial equivalent tensile strain, when
approximated using deformation potentials [5S]. It is important to note that these strain
levels are being compared to ‘biaxial equivalent’ strains, with regard to the energy

(wavelength) of the I" to LH transition.

Despite the pump being absorbed in the surface (< 20 nm) of the pillar, carrier diffusion
should result in PL from the entire pillar [19]. This accounts for the small shoulder near
1.6 pm, and general broadening of the spectra in the 300 nm pillars (Fig. 3.), which is
likely present due to strain gradients throughout the pillar structure. By comparison, the
PL from the 200 nm pillars appears to be less broad, which could be interpreted as a sign
of more uniform strain in the smaller structure. This is consistent with other works in the

literature, which also demonstrate higher strain transfer into smaller structures, albeit



with larger then 1 pm features. Any physical effect, however, should still hold in nano-

structures.
Raman Spectroscopy

In order to confirm the levels of strain in the pillars, Raman spectroscopy measurements
were carried out on the highest strained samples, using a WITec Alpha 300 RAS
spectrometer. For the backscatter geometry, this allows a measurement of the strain by
determining how the longitudinal optical (LO) phonon frequency has changed compared
to unstrained Ge [20]. The spatial resolution of the system was such that clear Lorentzian
like peaks could be observed on the 300 nm pillars, but this was not found to be the case
for the 200 nm pillars. The power of the focused 532 nm excitation source was reduced
until heating was eliminated, which resulted in spectra close to the noise floor of the
detector. Spectra from 200 nm pillars could not therefore be clearly interpreted and will
be omitted. 300 nm pillars demonstrated some finite difference from pillar to pillar,
which could further account from the broadening observed in the PL. Pillars with the
highest strain, however, are expected to have enhanced radiative recombination
efficiencies. The highest strained pillars in the sample scan area were fitted with a single
Lorentzian, and found to have a Raman line at ~ 296.3 cm™, Fig. 4. If assuming purely
biaxial strain, this can be used to calculate the strain using the relationship Aw® = bpicpi,
where Ao is the change in frequency from the unstrained Raman line, by, is the strain shift

coefficient (=—424 cm™ [21]), and epiis the biaxial strain.

Using phonon deformation potentials this therefore demonstrates a biaxial tensile strain

of 0.91%, which is in good agreement with the PL. Deviation from biaxial strain,



however, can introduce error in these approximations, as the Raman line depends on all
three components of the strain trace, i.e. &x, €yy, and &5, in the absence of shear stresses.
Finite element modelling in Comsol Multiphysics was therefore used to model the strain
distribution in a pillar. Given that some parameters were not known, such as the Young’s
modulus of the high stress SiN, the primary goal of the model was to understand the
strain distribution, particularly with regard to the SiN on the pillar sidewalls. This is a
particularly interesting comparison as other work has more commonly used just a top
stressor. The Young’s modulus was therefore estimated using a literature value for high
stress SiN [8]. The elasticity tensor of Ge was included in the model, and orientated with

the [100] direction aligned to the x-direction.

It was found that the inclusion of sidewall stressors, reduced the compression in the z-
direction at the top plane, which is normally expected due to the tensile, in-plane strain
from the top stressor through Poisson’s ratio. Furthermore, tensile strain was found to be
present in the z—direction away from the top plane. This increased the hydrostatic
component has the effect of decreasing the I' to L energy difference at a greater rate than
purely biaxial strain, thus, becoming direct bandgap more quickly, Fig 5. Furthermore,
the lateral expansion of the sidewalls, in the plane of each sidewall, appears to increase

the x and y components of the strain in the top plane.

The strain tensor components were used to model the Raman line, down the centre of the
300 nm pillar structure, Fig 4. In the experiment, the volume contributing to the Raman
line is that over the absorption depth of the source, with weighted contributions

accounting for reabsorption of the Raman scattered signal. Therefore, corrections were



applied to the calculated Raman line [22], which resulted in a calculated value of 296.56

cm’, which is in good agreement with the measured value of 296.3 cm™.

Furthermore, the I' to LH emission wavelength was calculated using deformation
potentials, and accounting for BGN, which showed emission of 1.96 um at the top plane.
This again appears to be consistent with the experimental results. This was modelled for
both cases of top stressors, and stressors deposited all around the pillar. The benefit of
this type of strain distribution can clearly be understood in terms of the difference shown
in Fig. 5. If this type of strain transfer can be applied to components that support an
optical mode, it would be significantly advantageous, as reduced doping would be
required in order to move the Fermi level to the I band, and as a result free carrier losses

would be reduced.
Conclusion

Highly red-shifted emission from tensile strained Ge nanopillars has been demonstrated,
showing biaxial equivalent I" to LH emission of up to ~ 1.35 % in 200 nm nanopillars.
This has been achieved through the application of high stress SiN layers to the nanopillar
structures. Raman measurements confirm ~0.9 % biaxial equivalent strains in 300 nm
pillars. Finite element modelling provides an insight into the effect of sidewall stressors
in these geometries, highlighting that enhanced hydrostatic strain reduce the I' to L-bands
energy difference at greater rates than purely biaxial strain. Further work is required to
incorporate this type of strain distribution into Ge cavity structures, to allow for the

potential of Si compatible lasers and sources.
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Figure captions:
Figure 1:

A scanning electron microscope image of 300 x 300 nm square top Ge nanopillars,

coated by ~150 nm of high stress SiN.
Figure 2:

INlustration showing the experimental setup used to measure photoluminescence spectra
from the Ge nanopillars. The sample is illuminated through an aperture in a parabolic

mirror.,
Figure 3:

The photoluminescence from Ge nanopillars, coated with SiN layers of varying stress.
The spectra have been scaled for clarity and therefore emission intensities should not be

compared. The legend indicates pillar square top side length, and SiN stress respectively.

Figure 4:

a) The calculated Raman lines down the centre of 300 x 300 nm square top Ge
nanopillars with 2.7 GPa stressors: a top only stressor (red) and a pillar fully coated by
SixNy (blue). The increased shift in the Raman line from the full stressor is due to an

increased &,, component, with z being parallel to the height of the pillar.

b) The measured Raman lines of the unpatterned Ge epitaxial layer and of a strained 300
x 300 nm Ge pillar with a 2.7 GPa SiN stressor layer.

Figure 5:

Calculated I to L valley energy difference for cases of top only, and all over SiN
stressors on a 300 nm Ge nanopillar. The inset shows an illustration indicating the line

segment down which the calculation was made in the model.
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