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Atomically-Flat Low-Resistive Germanide
Contacts Formed By Laser Thermal Anneal

Maryam Shayesteh, Karim Huet, Inés Toqué-Tresonne, Razvan Negru, Chris L. M. Daunt, Niall
Kelly, Dan O’Connell, Ran Yu, Vladimir Djara, Patrick B. Carolan, Nikolay Petkov, and Ray Dufty

Abstract— In this work state-of-the-art laser thermal
annealing is used to form germanide contacts on n-doped Ge, and
is systematically compared to results generated by conventional
rapid thermal annealing. Surface topography, interface quality,
crystal structure, and material stoichiometry are explored for
both annealing techniques. For electrical characterization,
specific contact resistivity and thermal stability are extracted. It
is shown that laser thermal annealing can produce a uniform
contact with a remarkably smooth substrate interface, with
specific contact resistivity 2-3 orders of magnitude lower than the
equivalent rapid thermal annealing case. It is shown that a
specific contact resistivity of 2.84x107 Q.cm’ is achieved for
optimized laser thermal anneal energy density conditions.

Index Terms—Contact resistance, germanium, sheet resistance,
Transfer Length Method (TLM), laser thermal annealing.

I. INTRODUCTION

hile it is still open to debate whether or when Ge will

be part of an advanced logic device process in

production, it is indeed clear that one of the stumbling
blocks associated with the successful integration of Ge devices
is the high contact resistance to n-type Ge layers. However,
judging from the publications in the past 12 months alone,
many real solutions are being explored by several research
groups worldwide. More importantly rapid progress is being
made as record-low specific contact resistivities are regularly
reported.

High contact resistance on n-type Ge is mainly attributed to
Fermi-level pinning (FLP) [1], and subsequently to a large
electron Schottky barrier height (eSBH). An extensive
literature review of the potential solutions and the state-of-the-
art in this area was presented in our recent work [2], and rather
than repeat ourselves here, we will now focus on a brief
summary and the most recent developments in the field.
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Theoretical studies have shown that a thin insulating tunnel
barrier can depin the Ge surface with optimum thicknesses of
approximately 1 nm [3]. Selenium segregation was recently
used to reduce electron Schottky barrier heights for NiGe/n-
Ge contacts [4], while CF, plasma treatment of the Ge surface
was experimentally demonstrated to alleviate FLP [5].

Gallacher et al. extracted specific contact resistivity (p.) of
2.3x107 Q.cm” on n-type Ge that was doped during epitaxial
growth [6]. The optimum NiGe formation temperature was a
340 °C rapid thermal anneal (RTA). However the NiGe
interface with the underlying substrate was not smooth.
Recently Zheng at al. reported ohmic contacts to n-type Ge
using Yb-germanide [7].

Laser thermal annealing (LTA) is of great interest in
semiconductor processing as it enables ultrafast annealing
with very limited thermal budgets [8]. It can suppress dopant
diffusion and generates high levels of dopant activation.
Specifically in Ge, Mazzocchi ef al. reported high activation
levels of B and P dopants (>1x10*° cm™) as well as limited
diffusion when they used LTA with energy densities (ED) in
the range of 0.57-1.8 J/cm® [9]. Firrincieli et al. reported p, of
8x107 Q.cm” on n-type Ge where LTA was used for dopant
activation, in combination with RTA for NiGe formation [10].
In that work the NiGe layers were thermally stable up to 350
°C, but the interface with the Ge substrate was not flat. This is
common for NiGe layers formed by RTA. Finally, Lim et al
have demonstrated Fermi-level depinning using multi-pulsed
LTA by the formation of epitaxial NiGe, [11].

Note that laser light can be reflected by metal layers [12].
For the thickness of Ni in this work (20 nm) the reflection
difference is not expected to have a significant effect.

In this work we use LTA for NiGe contact formation on n-
type Ge substrates, and systematically compare to results
generated by conventional RTA, with respect to surface
topography, interface quality, crystal structure, material
stoichiometry, specific contact resistivity, and thermal
stability. While the steps accompanying the growth of
germanides, and closely related silicides, by RTA have been
studied to some extent, the formation pathway for the LTA
processed materials has not been thoroughly investigated.

II. EXPERIMENTAL DETAILS

Fig. 1 summarizes the process flow undertaken in this
study. After cleaning, high-resistivity (>40 Q.cm) n-type
(100) wafers received well implants to create a semi-insulating
layer. The wafers then received a shallow P implant with the
dose of 1x10" c¢cm™? and energy of 12 keV. This was
performed through a native oxide, and should amorphize
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approximately to a depth of 25 nm. Dopant activation was
performed using an RTA at 500 °C for 10 s in an N, ambient.
It seems that 500 °C is an optimum annealing temperature for
n-type dopants, as lower temperatures (e.g. 400 °C) result in
poor sheet resistance and activation, whereas at higher
temperatures (e.g. 600 °C), diffusion is a concern. Thereafter
20 nm of Ni was deposited using thermal evaporation. Many
works to date have studied germanide formation with Ni
thicknesses in this range. Transfer length method (TLM)
patterning and mesa dry etch was then carried out to minimize
leakage currents. The Ni layer was patterned by a standard lift-
off technique.

Cleaning

Well implants

(P: 4102 cm-2, 180 keV)
(B: 1x10'3 em?, 40 keV)
Dopant implant

(P: 1x10"5 em?, 12 keV)

Activation anneal (500 °C, 10 s)
Ni deposition (20 nm)
Pattern TLM structure

NiGe formation anneal

RTA (250 - 350 °C, 30 sec)

LTA (0.25- 0.55 Jlcm?)
Fig. 1: A summary of the experimental process flow in this work.

The only variable in the process was the NiGe formation
anneal. One set of samples received RTA treatment either at
250, 275, 300, 325 or 350 °C in N, for 30 s. Another set of
samples received LTA processing (A= 308 nm, single-pulse) at
Excico with laser densities ranging from 0.25-0.55 J/cm” and
time durations ranging from 144-165 ns. The laser beam area
was approximately 10x10 mm?. Note, these energy densities
are significantly lower than those required for proper LTA
assisted dopant activation in Ge [9]. The melting threshold
was characterized by visual observation (surface color change)
on test samples prior to the processing of these experimental
samples

According to The Stopping and Range of lons in Matter
(SRIM), a 1x10" ¢cm™ 12 keV P implant into Ge should
produce a junction depth ~55-60 nm deep, even with a
diffusionless anneal, so the germanide layers in this work
should still be contained in the n-doped region.

Various material characterization techniques were applied
to inspect surface topography and crystalline quality of the
germanide layers. Top-down scanning electron microscopy
(SEM) was performed on an FEI 650 FEG SEM. Atomic force
microscopy (AFM) was performed in tapping/non contact
mode at room temperature on Sumx5pum scanning area. Cross-
sectional transmission electron microscopy (XTEM) imaging
was carried out using the JEOL 2100 high-resolution TEM
under bright field conditions. Scanning TEM (STEM) imaging
and Energy-dispersive X-ray spectroscopy (EDX) line scan
analysis was undertaken using the Helios Nanolab system
equipped with Oxford Instruments X-Max-80 EDX detector
with spot size well below 1 nm. The analysis was conducted at
30 kV wusing moderate beam currents. For electrical
characterization TLM was used to extract p.. Details of the test
structure description and theory can be found in our previous

work [2]. For electrical characterization the KEITHLEY
37100 and KEITHLEY 2602 were used.

Furthermore, the LTA process was simulated using the
enthalpy model described in [13]. This approach allows the
modelling of light coupling, heat diffusion and Ge melting. It
does not take into account the effects of stoichiometry change
during germanide formation.

III. RESULTS AND DISCUSSION

A. Material characterization

Firstly surface roughness and continuity of the layers was
evaluated by top-down SEM and AFM. In both cases
continuous layers were formed with no evidence of breakages.
Fig. 2 shows representative AFM images of the surface
topography which were formed by (a) RTA at 350 °C and (b)
LTA at the energy of 0.35 J/cm®. The table in Fig. 2 shows the
Root mean square (RMS) data extracted for all the samples.
RMS is larger for the RTA set, except for the highest ED
LTA.

RTA 350 °C, RMS=1.74 nm Formation Anneal | Roughness (nm)
250°C 111
275=C 1.28
300°C 1.55
325°%( 147
350 1.74
0.25 Von? 0.4
0.35Vam? 0.39
045 Vem? 0.62
0.55 Vem? 207

Fig. 2: Representative AFM images of NiGe layers formed by (a) RTA at 350
°C and (b) LTA at the energy of 0.35 J/cm’. The table shows the surface
roughness data for all the RTA and LTA samples in this work.

Much like there is a process window for NiGe formation by
RTA [14, 15] where at high temperatures the thin film
agglomerates into islands, this data indicates that LTA also
has a process window for germanide formation above which
the film degrades. 0.55 J/cm® is clearly too high for this
application.

Fig. 3(a) shows a representative XTEM image from a
germanide contact formed by a) RTA at 350 °C for 30 s in N,
and b) LTA at 0.45 J/cm®’. The LTA process resulted in
germanide formation having sharp interface with the
underlying Ge substrate. In stark contrast, the germanide layer
formed by RTA exhibited a rough and ridged interface with
the Ge substrate with larger crystalline domains. This is
nothing new, as non-smooth NiGe interfaces are
commonplace when RTA is used for the formation anneal [4,
6, 16].

Additionally, the germanide layer formed by LTA showed
two definite sub-layers with different stoichiometries
identified by EDX line scans using a tightly focused electron
probe. The quantification of the obtained EDX spectra (see
Fig. 4) showed the existence of a NiGe, layer in contact with
Ge covered by a NiGe surface layer. The germanide layer
formed by RTA was identified as NiGe across its whole
thickness.
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RTA

Ridged interface

NiGe,

50 nm

Sharp interface

Fig. 3: Representative XTEM images of NiGe layers formed by (a) 350 °C
RTA and (b) formed by 0.45 J/cm® LTA.

—— e W

Ni -_.s,an-“'
" Ge |

B Wy e

_S” ‘:::.-

1n
Fig. 4: EDX data and STEM of germanide layers formed by LTA at 0.45
J/em?, identifying NiGe, in the lower portion of the germanide layer

The germanide-substrate interface was studied at lattice
resolution with the corresponding HRTEM images shown in
Fig. 5. Note Figs. 5(a) and 5(b) are images from the same LTA
sample, but at different locations along the interface.

Fig. 5(a) shows two grains of the NiGe, phase and the
corresponding interface with the (001) oriented Ge substrate.
The lattices for both NiGe, domains show some epitaxial
relation. Several stacking fault defects along the (111) set of
planes were observed in the Ge substrate as well as at the
boundary between NiGe, domains. In comparison, Fig. 5(b)
demonstrates a case where NiGe, grains have no clear
epitaxial alignment with the underlying (001) Ge substrate
despite the fact that a very sharp interface is formed. In this
regard, the interface between the two layers is effectively
atomically flat. Lim et al. [17] argued that epitaxial NiGe, on
(001) Ge, although not thermodynamically favorable, may
form as a result of minimization of the interfacial energy.
Lattice-matched NiSi growth on Si has been reported by Gao
et al., where ultra-thin Ni layers were deposited on Si [18],
and NiSi, preferentially formed as it has a similar lattice
spacing to Si.

Fig. 5: (a) and (b) representatlve HRTEM 1mages from the mterface between
Ge and the Ni-germanide after LTA 0.45 J/cm?, and (c) RTA at 350 °C.

In contrast, the lattice resolution TEM images of the
NiGe/Ge interface for the RTA treated sample revealed a
corrugated surface far from being fully relaxed (Fig. 5(c)).
Nevertheless epitaxial alignment of the (111) set of planes of
NiGe to the (001) planes of the Ge substrate was identified. A
large amount of residual strain has been observed by HRTEM
lattice imaging. There is a lattice mismatch between NiGe and
Ge which can be a cause of the residual strain as no Ge lattice
defects are observed and the number of grain boundaries in the
NiGe layer is relatively small. This is in contrast to the LTA
sample where both Ge lattice defects and larger number of
grain boundaries help NiGe,/Ge interface to relax. Herein we
outline the importance of thorough structural examination of
the germanide-substrate interface properties in relation to the
obtained contact resistance. Moreover the stark difference in
the structure of the germanide layers obtained by LTA and
RTA is a result of a fundamentally dissimilar formation
pathway.

The explanation for the huge improvement in interface
roughness here is linked to the thermal gradient and shallow
heat distribution associated with ultra-short-pulse LTA. Using
a simple enthalpy model, we could simulate the thermal
dynamics during the LTA process, taking standard values for
Ni and Ge optical and thermal properties. It should be noted
that within this simple approach, the effect of germanide
formation on thermal and optical properties is not taken into
account. Most of the UV laser light is absorbed within less
than 10 nm in Ge during the sub-us timescale of the laser
pulse. This surface layer acts as a heat source, which diffuses
in depth over time. In Fig. 6 the maximum temperature
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reached during the process is shown as a function of depth for
LTA process conditions corresponding to non melt, shallow
melt and deep melt regimes. The melted depth (where
temperature is greater than the Ge melting temperature of 937
°C) increases with the LTA energy density. As it can be seen,
the simulated thermal gradient is very high, close to 300
°C/um, which limits the effect of the laser anneal to the near
surface region. In Fig. 7, the corresponding surface
temperature dynamics are reported. As is shown in the figure,
the high temperature regime is sub-pus. Especially, the melting
time is typically less than a few hundred ns. Within this
timeframe, most of the Ni and Ge interdiffusion mechanisms
are expected to take place in the liquid phase, during melt and
recrystallization of the Ge and germanide regions.

As the melting temperature of Ni is 1455 °C, these
simulations indicate that the Ni layer remains in solid form.

1100
—-=- Energy density with no Ge melt
. —— Energy density with shallow Ge melt
- - - Energy density with deep Ge melt
8 1050} Nil Ge rgy y P
°
[
S
@ 1000+
E | i
9 "R G O
% 950 F—— R
e ==
o =
g' Ge melting point
@ 900k _ i _
[ Pmamae
£ G
= e
£ 850 TrswE
=
©
=
800 1 1 1
50 100 150 200
Depth (nm)

Fig. 6: Simulated maximum temperature reached as a function of depth for the
applied LTA energy densities. The ED values used for simulation are 0.4,
0.45 and 0.5)/cm? for the non melt, shallow Ge melt and deep Ge melt,
respectively

The ED values used for simulation are 0.4, 0.45 and 0.5
J/em? for the non melt, shallow Ge melt and deep Ge melt,
respectively. The corresponding melt depth simulated for 0.4
J/em?, 0.45 J/em? and 0.5 J/em? are about 0, 50 and 150 nm
respectively. However, the germanide depth extracted from
the TEM are much shallower in this ED range (<70nm). This
discrepancy may be due to the impact of the NiGe layer
optical and thermal properties which change during the
process, and are not taken into account dynamically in this
simple approach. Moreover, it is possible that diffusion
dynamics are slower that the melting and recrystallization
dynamics (sub-pus timescale), which would lead to a
germanide thickness smaller than the melted depth. More
advanced studies would be required to understand the
germanide formation mechanisms for such an ultrafast
process.

Note, in the conventional RTA case, the entire sample is
essentially at the target temperature without significant
thermal gradients, and the growth of germanides involves a
solid-solid reaction. Much work has been devoted to
understanding the effect of the liquid to solid phase
transformation on impurity behaviour and solubility.
Distribution coefficients have been explored since the early

days of semiconductor processing, and are essentially a
measure of solubility. The equilibrium distribution coefficient,
k, is defined as the relative tendency of various impurities to
dissolve in solid materials. In other words, k is the ratio of
concentrations: CgoLin/Criguip, at the melting point of the
material. In Trumbore’s review paper [19], k = CsoLin/CrLiquip
= 3x10° for Ni in Ge. Hence the solubility of Ni in Ge is
vastly greater in the liquid Ge phase, compared to the solid Ge
phase. Strictly speaking this value is for equilibrium
conditions, but it is reasonable to state for the LTA case here.
Ni is in contact with liquid Ge and thus rapidly dissolves into
that layer. In effect the liquid Ge consumes the Ni on top very
quickly, and the resulting Ni-germanide phase is determined
by the ultra-fast reaction quenching.

1100
1000
900
O 800}
© 700}
2
© 600
g
£ 500+
(]
= 400}
8
@ 300}
5
w 200 —-—- Energy density with no Ge melt
100 Energy density with shallow Ge melt
- - - Energy density with deep Ge melt
0

0 100 200 300 400 500 600 700 800

Time (ns)
Fig. 7: Simulated surface temperature as a function of time for the applied
LTA energy densities. The ED values used for simulation are 0.4, 0.45 and
0.5J/cm? for the non melt, shallow Ge melt and deep Ge melt, respectively

By changing the ED of the LTA process the surface melt
depth can be controlled (Fig. 6). The result of this is having a
different thickness of liquid Ge in contact with the Ni
overlayer. Consequently the thickness of the obtained
germanide layer scales with LTA ED as shown in Fig. 8.

0.25 Jicm?

0.35 Jiem?

0.45 Jicm?

.85 Jicm?
Fig. 8: XTEM images of Ni-germanide layers obtained at the corresponding
laser energy densities.

B. Electrical characterization

Using the TLM test structures fabricated, p. of the
germanide/n-type Ge interface and the sheet resistance Ry, of
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the underlying P doped Ge layer were then extracted. In our
TLM test structure each germanide bar was 380 x 100 pm?” and
the spacings were 4, 16, 36, 64, 100, 144, and 196 pum. The
layout consisted of a repeated array of this TLM design.
Approximately 40 TLM structures within each array were
electrically measured in order to extract reliable values for p,
and Ry,.

Fig. 9 shows the typical output from a TLM measurement.
The inset shows current versus voltage as a function of contact
spacing of a TLM structure fabricated using LTA (0.45 J/cm?).
Resistance between contacts increases with spacing.

In the main part of Fig. 9 resistance versus contact spacing
is plotted for the germanide formed by RTA at 275°, 300°,
350 °C and LTA at 0.35, 0.45, and 0.55 J/em®. As is seen
straight lines are fitted to the data. Intercepts of the line with
vertical and horizontal axes are used to calculate p, and Ry,
according to theory [2].
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Fig. 9: Resistance versus contact spacing for LTA and RTA samples. The

inset shows I-V characteristics of a typical TLM structure where the

germanide contacts were formed by LTA with the energy of 0.45 J/cm?.

Table I shows the results of p. and Ry, extracted from all the
TLM measurements. In the RTA samples Ry, and p. decrease
as the formation temperature increases from 275 to 350 °C,
except at 325 °C for which we do not have a physical
explanation at present. In an overall sense, the RTA samples
produce p.>10" Q.cm?.

In general Ry, and p. are lower in the LTA samples. The
best p, value is 2.84x10” Q.cm® obtained for the TLM sample
annealed at 0.45 J/cm?, while p, = 1.33x10™° Q.cm® produced
by 0.35 J/em® is also a significant result. These p, values are 2-
3 orders of magnitude lower than the equivalent RTA cases. It
should be stressed again that the only process variable in this
experimental work was the germanide formation anneal. It is
interesting to see that increasing the LTA energy density to
0.55 J/em” results in higher p.. This could be attributed to the
degradation of the interface quality.

Based on previous work we estimate the active doping
concentration on the order of 3-6x10" cm™, depending on
amount of P snowploughed by the growing germanide layer,
on how much Ge is consumed, and on how much the
germanide formation anneal boosts or detracts from the initial
activation level.

Table I: Ry, and p. values for germanide contacts formed by RTA and LTA.

Contact formation Ran(€Y/s5q) pe (Q.cm?)
275 °C 196.1 6.31 x10™
300 °C 186.0 1.61 x10*
325°C 216.3 9.57x10™
350 °C 169.0 1.35x10™

0.35 J/cm? 163.6 1.38x10°
0.45 J/em® 147.9 2.84x107
0.55 J/cm? 192.0 8.34x10™
10*
—~403L
< 10
S
=
R
v
& s
510
©
=
3
10"}
107 k ;
100 150 200 250

Rsheet(g Qfsq)
Fig. 10: p. versus Ry, for all the samples in this work, as well as those from
our previous NiGe on n-type Ge work using RTA [ref. 3]. For a fixed Ry, LTA
can produce better p,, if the correct energy density condition is selected.

It is well-known that p, is a strong function of active doping
in the substrate below the contact, thus any boost in dopant
activation will yield a similar improvement in p.. One might
argue in this case for the 0.35 and 0.45 J/cm® LTA cases that
the LTA is merely improving the P activation which is
generating these p, results. Indeed if one looks at Table I, it
does seem that the Ry, values indicate LTA is a benefit for P
activation. However if p, versus Ry, is plotted, as in Fig. 10,
one can immediately see that for a fixed Ry, LTA can still
produce better p if the correct energy density condition is
selected. Note in Fig. 10, data points from our previous
experiments on germanide formation by RTA are included for
completeness [2]. Based on the divergent trend-lines it is
argued here that LTA benefits p. not only by boosting dopant
activation, but by also improving the quality of the germanide-
Ge interface. The latter could be responsible for reduced FLP,
as reported by Lim et al. [11].

In the final part of this work, thermal stability of the
germanide layers is explored. The ultra-short time and highly-
localized energy densities of LTA processing may form highly
non-equilibrium metastable conditions in the semiconductor
materials and substrates. If this is the case thermal budget in
the processes that come after the LTA process step, may cause
any metastable condition revert back to a more equilibrium
state. In order to evaluate germanide thermal stability one
sample prepared at 300 °C RTA and one sample prepared by
0.45 J/em® LTA were subjected to “post-processing” RTA
treatments from 100 - 500 °C. The anneal times were 30 s
each. Only one sample was post-processed for both RTA and
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LTA so one should consider the post-processing thermal-
budget in this study as cumulative. The inset of Fig 11 shows
the TLM measurements of the LTA sample after post-
processing. The slope and intercept of the fitted lines change
after each RTA treatment, indicating that Ry, and p. are
deteriorated. Extracted p. results are shown in Fig. 11.

-2
107¢
—~ 43
<107
5
9; RTA
> -4
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= 10
=
0
7]
@ 1658 120
o 5100 1 LTA %
8 T 8o | sample |
3 .
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LTA 20 88200500 °C
0
0 100 200
10-7 Spacing (um)

100 200 300 400 500
Post-processing temperature(°C)

Fig. 11: p. versus post-processing RTA treatments. Only one sample was post-
processed for RTA and for LTA so one should consider the post-processing
thermal-budget as cumulative. The inset shows resistance versus contact
spacing after post-processing treatments. The anneal times were 30 s.

In the LTA sample p. increases gradually, and at 250 °C
there is a significant increase in resistivity. By 500 °C the p,
value is similar to the RTA cases. In the RTA sample p, shows
a slight decrease at 150 °C and then follows an increasing
trend. Both samples were inspected by SEM (data not shown),
and it was observed at the end of this post-processing anneal
sequence that the germanide had agglomerated. It is well
known that germanide layers annealed at 500 °C become
agglomerated [14, 15].

There are various existing methods to alter thermal stability
of silicide or germanide layers. One recent report highlighted
the benefit of co-sputtering Ni and Pt prior to alloy formation
[20]. In that work the addition of Pt improved the thermal
stability of Ry, in the germanide layers

IV. CONCLUSIONS

The quality of germanide contacts formed by state-of-the-art
LTA was investigated and compared systematically with
RTA. LTA resulted in smoother layers of germanide, mainly
NiGe and NiGe, with some epitaxial relation with the
underlying Ge. The germanide-substrate interface was
incredibly sharp without any detectable interfacial region or
transition zone in HRTEM. Simulations indicated that the
LTA melts a surface Ge layer, causing a liquid-solid reaction
with the overlying Ni. The best contact resistivity obtained in
this study was 2.84x107 Q.cm’. Furthermore, the thermal
stability of contacts formed by RTA and LTA was compared.
Although LTA seems to be promising, it is imperative to
explore solutions to improve thermal stability of contacts
created by this approach.
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