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Ion implantation with high ion fluences is indispensable for successful use of germanium (Ge) in the
next generation of electronic and photonic devices. However, Ge readily becomes porous after a
moderate fluence implant (~1 x 10! ion cm~?) at room temperature, and for heavy ion species such
as tin (Sn), holding the target at liquid nitrogen (LN,) temperature suppresses porosity formation only
up to a fluence of 2 x 10'%ion cm~2. We show, using stylus profilometry and electron microscopy,
that a nanometer scale capping layer of silicon dioxide significantly suppresses the development
of the porous structure in Ge during a Sn~ implant at a fluence of 4.5 x 10'%ioncm™2 at LN,
temperature. The significant loss of the implanted species through sputtering is also suppressed. The
effectiveness of the capping layer in preventing porosity, as well as suppressing sputter removal of
Ge, permits the attainment of an implanted Sn concentration in Ge of ~15 at.%, which is about 2.5
times the maximum value previously attained. The crystallinity of the Ge-Sn layer following pulsed-
laser-melting induced solidification is also greatly improved compared with that of uncapped material,
thus opening up potential applications of the Ge-Sn alloy as a direct bandgap material fabricated by
an ion beam synthesis technique. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4961620]

As the semiconductor community moves beyond silicon
(Si) technology, germanium (Ge) is becoming an excellent
material for future generations of both electronic and photonic
devices. To realise broad applications of Ge, there has been
wide demand for very high fluence ion implantation in
the material. For example, highly conductive ultra-shallow
junctions are required for the realisation of Ge metal-oxide-
semiconductor field-effect transistors (MOSFETS) in the sub-
22nm technology node.' Whereas the implantation doping
process for a reliable p* Ge channel has been achieved,”” the
n" doping procedure is severely compromised at high implant
fluences of heavy elements, particularly antimony (Sb), in
terms of the crystal quality of the near-surface region. Room
temperature (RT) implantation of Sb, even at moderate
fluences as low as 1 x 10" joncm ™2, has caused undesirable
microstructural features such as surface craters or rough-
ness.*> These morphological features that develop under
heavy ion bombardment relate to the development of porosity
in implanted Ge and are irreversible. They cannot be removed
by conventional solid phase epitaxy regrowth techniques.*°

Ge structures also have great potential as a gain medium
for Si CMOS compatible laser devices.”® These devices can
be used in optical interconnection for next generation com-
puting. In spite of the indirect bandgap of Ge, the energy dif-
ference between the L valley (indirect) and the I' valley
(direct) is relatively small (0.14eV). A direct bandgap mate-
rial can be obtained by either applying a sufficient biaxial

tensile strain on the (100) planes of the Ge substrate” ™! or
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alloying Ge with tin (Sn) at a Sn content of >6.5 at.%."'* For
the latter concept, an optically pumped laser device fabri-
cated from a Ge-Sn alloy with a Sn content of 12.6 at.% has
been demonstrated.'” To induce such a Ge-Sn direct band
gap transition, non-equilibrium fabrication techniques must
be employed as the required Sn content is much greater than
the equilibrium Sn solubility limit in Ge of 0.5 at.%. Most
commonly, Ge-Sn alloys are grown by a non-equilibrium
epitaxy technique such as molecular beam epitaxy'* or
chemical vapour deposition,'*'*> which usually involves
somewhat sophisticated growth processes and often exotic
chemicals. Recently, there have been several efforts to
fabricate the material with a more robust, industrially rele-
vant method using ion implantation in combination with
nanosecond pulsed laser melting (PLM)."'®™'® For example, a
good quality Ge-Sn alloy with a Sn concentration greater
than 6 at.% has been recently obtained using PLM,'® demon-
strating the potential of this approach. It was shown,
however, that achieving Sn concentrations in Ge higher than
about 6at.% through ion implantation is severely hindered
by a high sputtering effect in Ge and the onset of ion-
implantation induced porosity once the Ge is rendered amor-
phous (a-Ge).18

It has previously been found that irradiation-induced
porosity is favoured in the range of implant temperatures
between ~ — 80°C and ~200°C."*"2' The onset of porosity
can be suppressed by undertaking implants outside of this
unfavourable temperature window. At elevated temperatures
above 200 °C, the Ge substrate remains crystalline due to the
recombination of mobile vacancies and interstitials. It is not
rendered amorphous and hence porous.®'® However, for

Published by AIP Publishing.
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implant elements with high diffusivity and/or limited solubil-
ity in Ge, notably Sb and Sn, high temperature implantation
makes it difficult to control the impurity profiles as a result
of enhanced diffusion. Furthermore, preserving a non-
equilibrium process for Ge-Sn synthesis is impractical at
elevated temperature. At implant temperatures lower than
—80°C, porosity can be suppressed or pushed to a higher
fluence offset due to inefficient migration and clustering of
vacancies in a-Ge.%!*?° In the case of liquid nitrogen (LN,)
temperature implantation of Ge in Ge, for example, porosity
does not occur up to fluences exceeding 1.0 x 10'” ioncm™2.
However, for LN, implantation of heavier elements such as
Sb or Sn, porosity occurs above about 7 x 10" ioncm~2 and
2.0 x 10" ioncm™2, respectively, thus limiting obtainable
impurity concentrations in Ge.'®**

In this letter, we illustrate the limit that porosity imposes
on the retained implant concentration and demonstrate a simple
and yet effective solution to drastically suppress the formation
of porosity during Sn implantation at LN, temperature. Before
implantation, selected Ge substrates were deposited with
~40nm of silicon dioxide (SiO,) by plasma enhanced chemi-
cal vapour deposition. The encapsulation layer thickness was
chosen to be thick enough to survive its gradual erosion by the
ion beam at high fluence. To ensure that pristine and capped
Ge substrates were implanted under the exact same conditions,
both samples were placed adjacent to each other on the implant
sample holder. The implantation of Sn was conducted with a
low energy implanter at energies of 100 — 120keV at LN,
temperature and fluences up to 5 x 10'® ion cm~2 with an ion
flux of 1.4 x 10" ioncm ™2 s~!. According to the Stopping and
Range of Ions in Matter simulation (SRIM), the projected range
of the Sn ions in Ge is 34.6 nm and the peak concentration of
Sn is ~14% for an implant of 3 x 10" ioncm 2 at 100keV,
where the density of bulk Ge of 4.41 x 10> atomcm ™ was
used to calculate the Sn concentration. Physical characterisa-
tion of the as-implanted samples was carried out using a stylus
profilometer, Rutherford backscattering spectrometry (RBS),
scanning electron microscopy (SEM), and transmission elec-
tron microscopy (TEM).

In Fig. 1, we illustrate the effect of the onset of porosity
on the impurity concentration (as measured by RBS) for
100keV Sn implanted Ge at LN, temperature (square-green).
For uncapped Ge, beyond about 2 x 10'®ioncm™2, near-
surface morphological changes begin to occur with the initial
formation of shallow pits that grow deeper with higher implant
fluence.'® At a fluence of 3 x 10'®ioncm™2, a sponge-like
structure (see SEM inset in Fig. 1) fully develops with a signif-
icantly increased surface area, which then further enhances the
sputtering of the structure and the loss of the implanted Sn.
The combination of porosity and sputtering in Ge has a pro-
nounced impact on the achievable Sn concentration and the
subsequent crystal quality following PLM-induced resolidifi-
cation. As shown in Ref. 18, porosity in Ge is irreversible: it is
not possible to fully recover the lattice structure by either solid
phase4’6 or liquid phase epitaxial regrowth.'® As a result of
these complications, studies on suppression of porosity in Ge
in the high fluence regime are of utmost importance for
the potential use of the material in advanced applications.
Nevertheless, Ge porosity studies so far have focused on the
physical mechanism or the implant conditions under which
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FIG. 1. A plot showing the variation of peak Sn concentration as a function
of implant fluence at the implant energy of 100keV without a cap (square-
green) and at 120keV with a cap (triangle-red). Inset figure is a SEM micro-
graph of the 3 x 10'%ioncm ™2 sample without a cap, showing a totally
porous surface structure.

porosity occurs.’*?' Little is known about possible ways to
prevent or delay the onset of porosity, which is the main focus
of the current study.

Fig. 1 also shows the increasing Sn concentration that is
measured for the case of a cap, where there is no observed
porosity or swelling as illustrated later. In this case, the dis-
tribution and concentration of Sn in Ge after implantation
has been characterised by the RBS/channelling technique,
in which a 2MeV *He™ beam was used for this purpose. In
Fig. 2, for fluences up to 4.5 x 10'%ioncm~2, the Sn profile
as measured by RBS is Gaussian-like and the Sn concentra-
tion increases with increasing fluence as expected for a non-
porous layer in which sputter erosion is small. The peak
Sn concentration in the 4.5 x 10'®ion cm ™2 sample, as fit to
the RBS spectrum by the RUMP simulation program, is
~15 at.% which is close to 2.5 times higher than previously
achieved.'® However, for the highest fluence sample
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FIG. 2. RBS/channelling spectra of the Ge samples with capping layers,
after implantation with 120keV Sn™ at fluences from 2.5 x 10'®ioncm 2 to
5.0 x 10" ioncm=2. The SEM image of the 5.0 x 10'%ioncm™2 (inset)
shows a porous surface if the capping layer has been sputtered away.
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FIG. 3. Height differences between the un-implanted and implanted regions
as a function of implant fluence for the samples without a capping layer
(square-red) and samples with a capping layer (triangle-green). The stylus
was scanned from the unimplanted area to the implanted area.

(5.0 x 10'° ioncm™?), the surface is decidedly porous, as
shown by the SEM image in the inset of Fig. 2, most likely
due to the sputter removal of the SiO, capping layer during
the final stages of the implant. The RBS/channelling spec-
trum of this sample is distorted and the Sn content sharply
drops off to less than 4 at. % because of porosity-enhanced
sputtering effects and hence excessive Sn loss.

As a result of ion-induced porosity, there can be a sig-
nificant volume expansion of the a-Ge layer following
high fluence implantation. Therefore, measuring the height
difference between the un-implanted and the implanted
regions by a stylus profilometer is a straightforward way to
investigate porosity and its onset with fluence. In Fig. 3,
we show the step height as a function of 120keV Sn™ ion
fluence for samples without a SiO, capping layer (square-
red) and samples with such a layer (triangle-green). A thick
silicon mask was placed partly over the samples during
implantation to give a sharp transition between the two
areas. The data in Fig. 3 were acquired by scanning the
stylus from the un-implanted to the implanted regions.
For the lowest range of the implant fluences in Fig. 3
(stage I: fluence <2 x 10" jon cm2), the step height of the
implanted capped samples is largely unchanged since there
is no sputtering of the underlying Ge when a cap is used
effectively. The step height of the uncapped samples,

Appl. Phys. Lett. 109, 082106 (2016)

however, monotonically decreases with increasing implant
fluence at a rate of about 5.13nm/1 x 10'® ioncm—2.
Sputtering is the only effect involved in this fluence range
since there is no evidence of porosity at such fluences as
shown in Ref. 18. In stage II, the samples without the cap-
ping layer exhibit a significant surface expansion as indi-
cated by a large increase in the step height. In spite of
sputtering and surface erosion, the porosity dominates in
this stage, giving rise to a step height that reaches 28 nm, at
which point it appears to saturate (3 —4 x 10'®ioncm™2).
Beyond a fluence of about 4 x 10'®ioncm™2 (stage III),
where porosity saturates, sputter erosion begins to dominate
and increases with fluence. Indeed, the measured step height
is reduced to ~ — 24 nm below the original Ge surface. On
the other hand, on the samples with the capping layer, no
volumetric expansion can be detected: the step height
shows an almost linear reduction with fluence of ~3.1nm/1
x10'® joncm~2, consistent with sputter erosion of the
cap. Essentially, the thin capping layer appears to be very
effective at suppressing Ge pore formation. For the
5 x 10" ioncm~2 sample, volumetric expansion can again
be detected since the cap has been sputtered off and Ge is
rendered porous. It is noteworthy that the use of a SiO, cap
in Ge implantation study has been previously reported.*
However, the effect of the cap in suppressing porosity was
unclear from this study as the data showed almost no mor-
phological differences between samples with the cap and
samples without the cap, presumably because the implanta-
tion in that experiment was done at RT. In fact, our data
indicate that the cap is not as effective as the implant tem-
perature increases. Above —50 °C, the effectiveness of the
cap completely diminishes, particularly for heavy implant
species such as Sn or Sb.?

Further investigation of the samples was conducted by
using electron microscopy analysis (SEM and TEM) on
selected samples of interest. In Fig. 4, electron micrographs of
the 3.0 x 10'®ioncm~2 samples without a SiO, capping layer
(Figs. 4(a) and 4(d)) and with a capping layer (Figs. 4(b) and
4(e)) are presented for comparison. The samples without
the cap clearly formed a sponge-like structure on the surface
(Fig. 4(a)), indicating extensive porosity at this fluence. The
cross-sectional TEM (XTEM) image of the same sample
(Fig. 4(d)) shows that the porous region extends from the sur-
face to a depth of more than 130 nm, along with an underlying

FIG. 4. Plan-view SEM micrographs
and cross-section TEM (XTEM) micro-
graphs of the 3.0 x 10'®ioncm™2 sam-
ples as-implanted without capping layer
(a), (d) and with a 40 nm capping layer
(b), (e). (c) The diffraction pattern of
the same capped sample following
PLM and (f) is a higher magnification
XTEM of this sample. The capping
layer has been removed on all samples
before imaging.
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layer of a-Ge (~80nm). The transition from a-Ge to near-
surface porosity leads to several orders of magnitude increase
in the surface area which subsequently enhances the sputter-
ing effect and reduces the retained Sn concentration to a few
at. % (Fig. 1). In terms of applications in planar electronic
devices, this behaviour is totally undesirable.

In contrast, the introduction of a capping layer on the Ge
substrates has completely suppressed porosity at a Sn fluence
of 3.0 x 10'"%ioncm 2. The samples showed a perfectly
smooth surface (after removal of any residual SiO, capping
layer by dipping the samples into hydrofluoric acid for 205s)
with no sign of surface roughness or craters (Figs. 4(b)
and 4(e)). However, Fig. 4(e) shows a band of small voids at
about 50 nm below the surface. We suggest that these voids
arise from the coalescence of vacancies produced at the
depth of the maximum vacancy production in a-Ge.

For the non-porous 3.0 x 10'%ioncm™2 sample, the
sample was then PLMed with a single laser shot of
0.4Jcm~? from a frequency tripled Nd:YAG laser (355 nm,
4 ns duration). The voids from 2nm to 7 nm in diameter have
been removed after PLM as shown in Fig. 4(f). The diffrac-
tion pattern (Fig. 4(c)) and the XTEM figure (Fig. 4(f))
demonstrate a monocrystalline diamond cubic Ge-Sn layer
after PLM. Thus, voids formed during ion implantation do
not appear to prevent the formation of good quality epitaxial
crystalline material after PLM. A good quality crystallisation
process such as the case in Fig. 4(f) will give the opportunity
to explore a direct band gap Ge-Sn semiconductor.

Another advantage of a low mass capping layer such as
SiO, is minimization of impurity loss due to sputtering.
According to SRIM,* this can reduce the sputter yield of Sn
in Ge from 0.44 Snatomion~' (for an uncapped 7 at. % Ge-
Sn alloy) to almost zero (for an intact capping layer). A pos-
sible undesirable issue of the SiO, capping layer is the recoil
implantation of unintended species from the capping layer,
Si and O, into the underlying a-Ge. Nevertheless, SRIM
simulation indicates that the recoiled concentration of Si and
O drops off to ~37% (penetration depth: 1/e) at the depth
of ~2nm and to ~1.8% (1/64) at the depth of ~4 nm below
the a-Ge surface. If necessary, such a layer could be easily
removed by a controlled reactive ion etching process prior to
PLM without considerably reducing the Sn content.

It is worth noting that porosity has previously been
shown to initiate from the surface as demonstrated in self-
ion irradiation of Ge in Ref. 25. Indeed, it is demonstrated?’
that vacancies preferentially form clusters and voids at the
a-Ge surface during ion irradiation leading to pores that
intersect the surface and develop with increasing fluence
into a porous structure like that in Fig. 4(d). Based on this
initial development of porosity, the data in this report can
be interpreted as showing that a SiO, capping layer sup-
presses vacancy clustering under a cap at the a-Ge surface
and hence surface-initiated development of porosity. The
reason for the inhibition of vacancy clustering (void forma-
tion) under a cap as the initiator of porosity is unclear.
However, it may be related to the confining effect of the
cap in suppressing ion-induced vacancy migration and
agglomeration at the surface.”® Further studies would be
needed to resolve this issue.

Appl. Phys. Lett. 109, 082106 (2016)

In conclusion, we have shown that capping Ge with a
thin SiO, layer extends the fluence of heavy elements that can

be implanted at LN, temperature without the development of

porosity from 2.5 x 10'®ioncm™2 to 4.5 x 10'®ioncm—2.

This method also suppresses the loss of implanted species by
sputter removal. This approach has permitted us to develop
implanted Sn concentrations up to 15 at. %, which is close to
2.5 times that previously achieved without a capping layer.
This finding not only aids producing high Sn content Ge-Sn
alloys as a group IV direct bandgap semiconductor by ion
beam synthesis but also adds important insight into porous
structure development in ion implanted Ge.
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