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Excimer Laser Annealing (ELA) with a wavelength of 248 nm is used to study doping of biaxialy
compressively strained Si;_,Ge,/Si heterostructures. The challenge is to achieve a high activation of
As in SiGe, while conserving the elastic strain and suppressing dopant diffusion. Doping of 20 nm
Sig64Geg 36 layers by ion implantation of 1 X 10" As™/ecm? and subsequent laser annealing using
single 20 ns pulse with an energy density of 0.6 J/cm” leads to an As activation of about 20% and a
sheet resistance of 650€)/sq. At this laser energy density, the entire SiGe layer melts and the
subsequent fast recrystallization on a nanosecond time scale allows high As incorporation into the
lattice. Moreover, using these annealing parameters, the SiGe layer exhibits epitaxial regrowth with
negligible strain relaxation. ELA at energy densities greater than 0.6 J/cm” resembles Pulsed Lased
Induced Epitaxy, leading to an intermixing of the SiGe layer with the Si substrate, thus to thicker
single-crystalline strained SiGe layers with sheet resistance down to 62Q/sq. Effects of energy
densities on composition, crystal quality, activation of As and co-doping with B are discussed and
related to the spatial and temporal evolution of the temperature in the irradiated zone, as simulated by

Finite Element Methods. © 2073 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807001]

. INTRODUCTION

SiGe alloys with their higher hole mobility and small
band-gap compared to Si are being studied as potential Si
channel replacement materials for future p-MOSFETs.
Moreover, SiGe/Si heterostructure band-to-band tunneling
field effect transistors (Tunnel-FETs) are among the best
candidates for future high performance and low operating/
stand-by power logic devices. The use of a small band-gap
SiGe alloy as source and a larger band-gap Si as channel and
drain side is attractive due to the increased tunnel probability
(high I,,) and reduced I, compared to conventional Si
homostructure Tunnel-FETs." A critical parameter for the ef-
ficient device functionality is the steepness of the source/
drain junctions and their sufficiently high dopant activation.
Up to now, several studies were dedicated to the p-type dop-
ing in SiGe layers,” while those on n-type doping, especially
in strained SiGe are very scarce.* Tunnel-FET devices,
however, require both n- and p-type contacts, thus reliable
information about n-doping of SiGe layers is also needed.’
The greatest challenge is to achieve very steep and highly
doped regions of strained layers while conserving their elas-
tic strain at the same time, since strain is responsible for car-
rier mobility enhancement.®’ Strain that, dependent on its
sign and value, influence the solubility limit of dopants.®’
The major problem of conventional n-type dopant implanta-
tion, like As and Sb, is the amorphization of the implanted
layer, that occurs already at low implantation doses. In a
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classical Si gate-first implementation process, high tempera-
ture rapid thermal annealing (RTA) is employed, but this is
in conflict with the low thermal budget, required to avoid
strain relaxation and Ge interdiffusion in SiGe heterostruc-
tures. Laser annealing has been identified as an alternative
low thermal budget technique to restore crystallinity and
shown to be promising technique for the formation of highly
activated ultra-shallow junctions.'®'" The possibility to acti-
vate epitaxial films by raising the target material temperature
to or above the melting point, during a ns-range time scale,
makes Excimer Laser annealing (ELA) and Puled Laser
Induced Epitaxy (PLIE) therefore very attractive methods
for dopant activation in strained SiGe material.

In this work, we present a study using KrF-Excimer laser
annealing for As doping of high compressively strained SiGe
layers. The aim is to evaluate the dopant activation under
strong non-equilibrium laser annealing process conditions,
based on fast heating/cooling cycles that (a) keep the alloy
below the melting threshold, thus enabling Solid Phase
Epitaxial Recrystalization (ELA-SPER) using relatively low
laser fluence, and (b) exceed the melting threshold of the
alloy, leading to Liquid Phase Epitaxial Recrystallization
(ELA-LPER) through high laser fluence ELA and PLIE proc-
esses. This last process can be considered as alloys formation
through melting and epitaxial recrystallization and is, in gen-
eral, used when also a fraction of the substrate is molten,
thus changes in alloy composition are observed. The obtained
experimental results are compared to the temperature profiles
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caused by the first laser pulse, as simulated by Finite
Element Methods (FEM), to allow a more comprehensive
evaluation of the laser annealing processes. While the em-
phasis is on As doping, a short comparison with B doped
layers by laser annealing and RTP is presented. The purpose
of this comparison is solely to address the B co-doping
through PLIE processes at high energy densities, that involve
a fraction of the p*-type Si(100) substrate.

Il. EXPERIMENTAL

The investigated 20 nm biaxially compressively strained
SiGe layers with a Ge concentration of 36% were pseudo-
morphically grown on p " -type Si(100) wafers with and with-
out a 50nm in-situ n* doped Si barrier layer between the
SiGe layer and the wafer. This intermediate layer was used
for B doped SiGe study to ensure an electrical isolation of
the SiGe layer (then p*-SiGe) from the p*-Si substrate,
through the formation of a p™-n" junction. Details on the
fabrication growth process and the properties of the material
are described elsewhere.'> Raman spectroscopy indicated a
biaxial compressive strain of ¢=1.4% in the ‘“as-grown”
SiGe layers.

Implantation of B* and As™ ions was carried out at
energies of 1 and 2keV, respectively, with a dose of
1 x 10" cm™2. In order to avoid channeling, the ion implan-
tation was carried out at 7° tilt. Information on the projected
ion range and the number of vacancies per depth increment
and implanted ion is provided by SRIM 2010 simulation
software.'” The medium ion projected ranges amount to
10nm for B* and 5nm for As™ ion implantations. The local
vacancy concentration (Frenkel pair concentration) exceed-
ing the critical dose for amorphization, taken at ¢, =20% of
the total atoms concentration'* lead for our case of As im-
plantation, to the formation of an 7nm amorphous surface
layer. Only very low vacancy densities (<0.01 vacancy/
ion - A) are induced at the SiGe/Si interface avoiding a major
generation of defects that could lead to strain relaxation.

The samples were annealed using a commercial KrF-
Excimer laser emitting at 248 nm, pulses of 20 ns duration at
a repetition rate of 2 Hz. The annealing was performed under
N, flow to avoid sample oxidation. A plano-convex lens was
positioned between the laser system and the sample in order
to focus the laser beam. By shifting the lens position, the
spot size was changed from 0.6 cm? to 3.4 cm?, to adjust, in
conjunction with a change of the pulse energy, the energy
density from 0.1 to 1.4 J/cm?. In order to expose large areas,
necessary for some characterization techniques, a stepping
motor was used, moving the sample perpendicular through
the laser beam, at a constant velocity of 0.1 mm/s. For com-
parison, 600 °C RTA processed samples were prepared. This
temperature was low enough to ensure the elastic strain con-
servation in the layers.'*

The electrical characterization of the samples was per-
formed using Van-der-Pauw structures with square geometry,
fabricated employing standard optical lithography and reac-
tive ion etching.” Crystalline quality of the SiGe layer was
investigated by Rutherford Backscattering Spectrometry/
Channeling (RBS/C) using a Tandetron accelerator with
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1.4MeV He' ions. For increasing the depth resolution, a
backscattering angle of 110° was chosen. The RBS technique
was also employed to accurately determine stoichiometry and
thickness of the SiGe layers.

Secondary Ton Mass Spectroscopy (SIMS) was carried
out for all samples to determine changes in dopants and Ge
profiles. The analyses were complemented by cross-section
Transmission Electron Microscopy (XTEM), giving insights
into the material crystallinity and by Raman spectroscopy
for the evaluation of strain.

Numerical analysis of the spatial and temporal tempera-
ture profiles in the irradiated areas was performed solving
the heat conduction differential equation (HCDE) through
FEM, using the commercial software ANSYS® 12.0.

lll. RESULTS

In order to evaluate the experiments in a systematic
manner, the results of As activation are presented in the fol-
lowing sequence: (a) electrical characterization; (b) physical
and chemical characterization (SIMS, RBS and XTEM); (c)
strain analyses based on Raman spectroscopy; and (d)
Numerical simulation of the expected temperature profiles
caused by the first laser pulse. These results are finally dis-
cussed and compared with those obtained for RTA and B
doping by ELA and RTA.

A. Electrical characterization of As doped samples

The sheet resistance measurements for laser annealed
As doped SiGe layers using a van-der-Pauw geometry with
square contacts, are presented in Fig. 1, split in two energy
density windows for better illustration. Different annealing
processes in relation with the laser energy density, as will
be discussed in the following, are also indicated here. The
sheet resistance strongly decreases with increasing laser
annealing energy density. An increase of the laser density
from 0.1 J/cm? to 0.4 J/cmz, results in a drop of the sheet re-
sistance from 1.2 x 10*Q/sq to 1.2 x 10* Q/sq, followed by
a slower decrease rate to about 600Q/sq at 0.6 J/cm? and
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FIG. 1. Electrical characterization of As doped SiGe layers by laser anneal-
ing. The sheet resistances vs laser energy density (a) below 0.4 ], Jem? and (b)
above 0.4 J/cm?, are presented in linear scale. Different annealing processes,
as discussed in the following, are indicated.
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FIG. 2. (a) Sheet dopant concentration vs. laser energy density. The values of dopant activation degree, defined as the ratio of sheet carrier concentration and
implanted dose, are given for every energy density. Dashed lines indicate the different energy density regions, previously given in Fig. 1. (b) Carrier concentra-
tion profile measured by ECV for a sample treated with 1.18 J/cm®. A homogenous 1.15 x 10'” cm ™ n-type doping was measured far below the depth of the

original SiGe layer. The SiGe layer thickness is now of about 90 nm and followed by a p-type substrate with doping concentration of about 1 x 10"’ cm

reaches 150 Q/sq at an energy density at ~1 J/cm?”. The low-
est layer resistivity of 62 Q/sq is observed for 1.35 J/cm?.

An important parameter for the evaluation of the efficiency
of laser annealing is the electrically active dopant concentra-
tion, which has typically a reciprocal behavior with respect to
the sheet resistance. The dopant activation, measured employ-
ing a Hall set-up as a function of the laser energy density, is
presented in Fig. 2(a). Low values of active As of less than
10% are measured at energy densities below 0.5 J/cm?, but they
rapidly exceed 50% of the implanted As dose for 0.85 J/cm?.
The active dopant concentration is apparently reaching the As
implantation dose at higher laser energy densities. However, at
highest energy of 1.35J/cm® a carrier concentration value
above the As atoms concentration is measured, which suggest
strong substrate contribution through major heterostructure
changes. As anticipated in Fig. 1, different energy density
regimes seem to strongly influence the behavior of the dopant
activation and concentration.

For a more detailed study of the very high activation
degree that finally exceeds the theoretical 100% of the
implantation dose, Electrochemical Capacitive-Voltage
(ECV) measurements with a reverse-biased semi-conductor-
electrolyte contact, have been performed. This technique is
used for determining the electrically active doping concen-
tration profiles in semiconductor structures.'”

Fig. 2(b) presents the electrochemical profile of the SiGe
samples processed at a laser energy density of 1.18 J/cm?. An
n-type concentration of 1.15 x 10'* cm ™ is determined for an
approximately 90 nm thick SiGe layer, followed by a domi-
nant substrate doping, that was extracted to be p-type at
~2 % 10" cm™3. The ECV profile, therefore, indicates a con-
siderably enlargement of the SiGe layer from initially 20 nm
to about 90 nm thickness. In order to better understand both,
the van der Pauw and ECV data, extensive additional physical
and chemical material characterization as well as numerical
simulation of thermal profiles produced by the laser radiation
has been performed.

-3

B. Morphological evolution under laser irradiation

A detailed study of the Ge and As depth distributions af-
ter laser annealing was performed by smvs. In Fig. 3, the
depth profiles are shown for laser annealing densities below
0.6 J/em”. The slopes of the As (Fig. 3(a)) and Ge (Fig. 3(b))
profiles in the low energy density regime up to 0.3 J/cm? are
comparable with the as-implanted profiles, thus indicating no
As diffusion as well as no alteration of SiGe layer thickness
and composition. At this laser energy density, the energy
absorbed by the SiGe layer is most probably used for recrys-
tallization of the highly implantation damaged/amorphized
top layer, to an epitaxial alloy, as can clearly be observed in
Fig. 4(a). However, contrast fluctuations in the region near
the substrate surface indicate a possible clustering in the
fully crystallized As implanted region are visible.

According to the Ge profiles (Fig. 3(a)), at 0.5 J/em? the
Ge signal is reduced at the surface of the SiGe layer and

102

@
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FIG. 3. SIMS profile showing (a) Ge and (b) As-distributions in the SiGe
layer after ELA at energy densities below 0.6J/cm?. The Ge profiles are
plotted in linear scale and arbitrary shifted vertically for a better
comparison.
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FIG. 4. XTEM images of the SiGe layers after ELA at (a) 0.25 J/em? (b) 0.6 J/cm?, and (c) 0.85 J/em?. For 0.25 J/cm? defect formation, e.g., As clustering, in
the fully crystallized As implanted region are visible. For 0.6 J/cm? the contrast changes with the depth in the SiGe layer in agreement with the SIMS profile;
(the inset plot represents the Ge atomic distribution as in Fig. 3(a)). The regrowth yields single crystalline material without no visible dislocations or interface

defects.

increases near the SiGe/Si interface while at higher laser
energy of 0.6J/cm” a minimum in the Ge concentration is
observed close to the middle of the SiGe layer. The latter
behavior is attributed to the layer melting/recrystallization
process, causing element redistribution in the molten alloy.
However, the width of the Ge signal and its steepness at
the SiGe/Si interface are preserved up to a laser density of
0.7 J/cm? (plotted in Fig. 5). This is an indication that, up to
0.7J/cm?, the melting is restricted to the SiGe layer.
However, the As sivs profiles (Fig. 3(b)) show shallower
slopes of the depth profile after annealing at 0.5 J/cm® and
0.6J/cm? indicating a redistribution of As after short melt/
recrystallization cycles at those energy densities.

These different shapes of the Ge profiles can be related
to the heat distribution (melting) in the SiGe layers: First,
due to small thermal conductivity of the amorphous layer,
steep and high local temperature profile are produced, allow-
ing layer crystallization and later at about 0.3 J/cm® melting
of the amorphous surface layer. The depth of the SiGe melt
increases up to an energy density of around 0.6 J/cm? when
melting of the complete SiGe layer seems to occur, as indi-
cated by changes in Ge distribution. The change of the pro-
file from a uniform distribution (flat depth distribution) to a
non-uniform profile is now clearly observable at 0.6 J/cm?

10 T T T T T T T T T T ]
as-impl. N
= ——— 0.70 Jicm? -
< 0.92 Jicm” 7
p — — 1.35Jlcm?
o i
)
2
+S10% Interface shift —
2 with SiGe/Si melting front ]
S I | o - ]
Q2 ]
£ ]
5 e i
= . i
) oy
(O] \ .
3 \
10 T T T T T T T T
60 80 100 120 140

Depth (nm)

(Fig. 3(a)) and, in the XTEM image of Fig. 4(b), where the
contrast change along the SiGe layer thickness indicates
higher Ge content regions near the surface and at the SiGe/Si
interface. This non-uniform Ge depth distribution may also
partially be caused by the temporal evolution of the laser
pulses, resulting in a non-uniform motion of the atoms at
high temperature during the first order phase transitions in
melting/solidification cycles, as observed recently by other
groups.'® Moreover, the XTEM images demonstrate that the
regrowth yields again single crystalline layers.

With increasing energy density, the threshold for melting
the Si is reached, as shown in the SIMS profiles of Fig. 5.
While the Si melting point and its thermal conductivity is
higher than for SiGe alloys, this Si melting threshold is experi-
mentally found to be around 0.7 J/cmz, i.e., where the Ge sig-
nal starts to exceed the initial SiGe/Si interface.'” In this case
Ge, Si and As clearly redistribute in a new diluted and thicker
SiGe layer, as can be seen in the SIMS profiles (Fig. 5) and
XTEM image (Fig. 4(c)). The redistribution of Ge in the
melted region leads to SiGe alloy thicknesses of 52 nm, 90 nm,
and 127 nm at laser densities of 0.92 J/cmz, 1.18 J/cmz, and
1.35J/em?, respectively (Fig. 5(a)). Accordingly, all As pro-
files (Fig. 5(b)) follow the Ge distribution profiles (Fig. 5(a))
and stop abruptly at the same depth as the Ge signal.
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FIG. 5. (a) Ge and (b) As SIMS profile of the SiGe layer after ELA at energy densities of 0.7, 0.9, and 1.35 J/cm® which exceed the melting threshold at the

SiGe/Si interface.
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FIG. 6. RBS/C spectra of As implanted SiGe showing the spectra for (a) 0.50 and 0.70 J/em? and (b) 1.18 J/cm?>. Channeling spectra after laser annealing with
different energy densities are presented in comparison with the channeling spectrum of an as-implanted sample.

The stoichiometry, the exact layer thickness and the
crystal quality of the laser annealed samples have finally
been determined using RBS. Figure 6 shows the random and
channeling spectra of samples processed with different laser
energy densities, in comparison with the as-implanted spec-
tra. The samples annealed at low and moderate energy
densities exhibit an improved channeling compared to the
as-implanted ones, indicating a healing/recrystallization of
the implantation damaged SiGe layer. At 0.7 J/cm” a slight
dechanneling compared to lower energy densities is
observed, but the signal is still lower than in the as-
implanted case. The RBS random spectrum, however, does
not indicate SiGe layer melting beyond the initial SiGe/Si
substrate interface. Further increase of the laser energy den-
sity results in a strong increase of the SiGe layer thickness,
but also to an improved channeling. Based on these experi-
mental results, we consider that at around 0.7 J/cm? the melt-
ing point of the SiGe/Si interface is reached.

At 1.18 J/em?, the random spectrum shows an extensive
broadening of the Ge signal, indicting an increased SiGe
layer thickness (Fig. 6(b)). RUMP spectra simulation con-
firms that the initially 20nm Sij4Geg 36 layer transforms
into a 90 nm Sip 9,Geg oz layer. However, the newly formed

SiGe layer is of high single crystalline quality, as confirmed
by a low minimum channeling yield at the interface to the Si
substrate (in the 1060-1100keV region), indicating pseudo-
morphic regrowth.

C. Strain analyses by Raman spectroscopy

Raman spectroscopy is a well-established nondestruc-
tive tool to analyze mechanical stress and composition in
semiconductor materials. The large Raman peak at
520.5cm™ " in Fig. 7 represents the Si-Si vibration modes of
unstrained Si, whereas the small peaks correspond to Si-Si
vibration modes within the different SiGe layers. Based on
the position of the vibration modes, the elastic strain in the
SiGe layer can be calculated according to equation

WSiGe — 520.5 — 62 - CGe — 815 - ESiGe (l)
where ws;ae 1S the position of the Si-Si vibration mode within
the SiGe layer, cs, represents the Ge content, and &g;G, the re-
sidual strain.'® The correct position of the peaks is extracted
by signal deconvolution using a double Lorentz function, as
indicated in Fig. 7. The Ge content is separately determined

00 T ' L N -10 FIG. 7. Raman spectra of As implanted

1 orrsimode —O- ELA 025 J/°m2 | SiGe layers after laser annealing at laser
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@ 0.06- % - 0.6 sities of 0.25 and 0.70J/cm? are shown.

3 12| srnesicees ] | The region of interest is presented in the
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shift indicates changes in strain or alloy
composition of the layer.'®
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by RBS measurements. For a pseudomorphically grown fully
strained Sig ¢4Geg 36 film, ws;g. appears at about 509 cem ™!,
proving that the SiGe layer is biaxially compressively
strained with an in-plane strain value of 1.4%. In fact, the
Si-Si peak positions of the SiGe layers stay around 509 cm ™'
up to a laser energy density of 0.5 J/cm?, indicating full strain
conservation, in agreement with the absence of dislocations
(Fig. 4(a)). The peak shift and broadening observed above
0.5J/cm?, up to about 0.7 J/cm? (Fig. 7(a)), where the SiGe/Si
substrate interface melts, is attributed to the inhomogeneous
depth distribution of the Ge atoms, already observed by
SIMS and TEM (Figs. 3(a) and 4(b)). At higher laser energy
density, the Si-Si vibration position is shifted to higher wave-
numbers. This is in agreement with a reduction of the Ge con-
tent in thicker and diluted SiGe layers, as observed by RBS
(Fig. 5). Moreover, the shifts correspond to pseudomorphic
epitaxial SiGe layers under compressive strain according to
the Ge content. The result of 1.18J/cm? annealing is pre-
sented in Fig. 7(b), where the Raman shift indicates an elastic
strain of 0.2% in the newly formed 90 nm SiGe with a Ge-
content of 8%, as determined by RBS.

D. Laser annealing modelling

To further analyze these results and to assess the physi-
cal processes for different energy density regimes, a numeri-
cal simulation of the temperature profiles in the irradiated
volumes has been performed. The numerical approach
employed here, predicts the thermal profiles in the structure
by solving f the Heat Conduction Differential Equation or
each component layer,

OH(T)/0t = V[K(T)VT(x,1)], )

where H(J/cm?®) denotes the system enthalpy, T(K) the tem-
perature field, k(W/cmzK) the thermal conductivity and r, ¢
are the position and the time, respectively.

The following boundaries conditions were considered:

oT
—ki(T)—| =1Io(7r,t
D)5y, =l
on the a-SiGe surface under laser radiation, for t > 0,
(3a)
oT or
Vi Sj—n Yn Sin
on the s;_,interfaces a-SiGe, c-SiGe and c-Si, fort > 0,
(3b)
and the initial condition : T(7,0) = Ty, in the whole o)
c

volume att = 0,

k;;jn are the thermal conductivities on the i,j,n position, /,
(W/ecm?) is the energy density, T, the melting temperature
for each layer and T, the ambient temperature of 298 K. The
variable y stands for the spatial coordinate normal to the
SiGe, surface. For the other interfaces, heat flux fulfills conti-
nuity, while the bottom follows an adiabatic behavior for
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each material. The phase changes are considered by the en-
thalpy H,"

min(7:T,,)
J p(TC(T)dT + h(T — T,)Lm, (4
To

H(T) =

where £ is the Heaviside function and L,, (J/g) the melting
latent heat. The model considers the temperature dependence
of density p (g/cm3), thermal conductivity k (W/em?K), and
specific heat C (J/gK).>°

The implementation of the temporal and spatial distribu-
tion of the laser pulses, Iy (W/cm?), provided by the Excimer
laser, is successfully fitted by the following mathematical
expression: '

Io(r,1) = ®[F, f(D)][1 = R(n, 1) ]exp[—ay], (5)

that considers the main laser parameters: the laser beam
energy density F(J/cm?) and the temporal profile of the pulse
f(1), the reflectivity R(n,x) with refraction index n and
extinction k, and absorption coefficient o (cm_l) of the sur-
face.?"*? For the first 7nm thin amorphous SiGe layer, an
optical penetration depth of o' ~6.5nm was estimated,”’
thus the optical effect to the thermal process by means of the
Beer-Lambert law additionally been considered.?*

The numerical model estimates the temperature profiles
caused by the first laser pulse. Dopant diffusion below the
melting points is not considered in this model. Moreover, the
model is limited by the accuracy of the material parameters
available and by the approximations for the input data. For
example, we have considered the same melting temperature
for the strained SiGe layer as for unstrained SiGe, while it
has been reported that strain, in particular high compressive
strain, induces a decrease of the material melting tempera-
ture.” Moreover, additional experimental uncertainties are
caused by the 10% variation of the laser energy at same
operating conditions and, especially for the focused beam,
by 5%—10% uncertainty in the determination of the spot size.

Nevertheless, these approximations allow simulating
temperature profiles that fit reasonably well with the experi-
mental findings. Figs. 8(a)-8(c) show the sample temperature
distribution vs. time at different laser energy densities of
0.3 J/cmz, 0.8 J/cmz, and 1J/cm2, respectively. The melting
temperature thresholds for the different materials a-SiGe,
c-SiGe, and c-Si are marked with horizontal dashed lines. As
it can be observed, the amorphized top layer of the “as-
implanted” sample starts melting using an energy density
around 0.3J/cm?, while the underlying c-SiGe and c-Si
reaches only a maximum temperature of around 1100K
(Fig. 8(a)). For reaching the melting threshold of the buried
crystalline SiGe film, an energy density of 0.8J/cm?® is
needed (Fig. 8(b)) and at 1J/cm® the complete SiGe layer
structure, as well as a fraction of the Si substrate has been
molten (Fig. 8(c)). The heating/cooling cycles are clearly on
the ns timescale and the molten pool is recrystallizing within
few tenths of ns, thus long before the next laser pulse. Small
inflection can be observed when the temperatures reach the
melting thresholds of the amorphous and crystalline SiGe
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layers, which are attributed to the phase changes, thus varia-
tion of temperature dependent thermal properties that are
considered by the enthalpy in Eq. (4).

Figure 8(d) summarize the maximum melting depth vs.
the energy density, indicating the position of the different
interfaces between layers by horizontal lines. As it can be
observed, using energy densities higher than 0.3J/cm?
always melt the amorphous layer, while at least around
0.6-0.7J/cm* and 0.8J/cm are needed to melt also the
c-SiGe and a fraction of the c-Si, respectively.

IV. DISCUSSION

The above results indicate that for understanding the
electrical results presented in Figs. 1 and 2 both, the redis-
tribution of As and B in/from the SiGe layer and the Si sub-
strate, as well as the evolution of the SiGe layer composition
and thickness have to be taken into account.

After laser annealing, we observed a redistribution of
the As that resembles the as-implanted profile in the area
recrystallized from solid state (up to 0.3 J/cmz) but increases
in the molten and solidified regions (Figs. 3(b) and 5(b)). At
low energy densities annealing, most of the dopant atoms re-
side in a thin near-surface layer (Fig. 3), whereas annealing
with a higher energy density results in dopant diffusion from
this layer far toward the bulk crystal (Fig. 5(b)).

For dopant activation, two conditions must be fulfilled:
(i) The supply of vacancies/removal of self-interstitial atoms,
during the available time, must be sufficient to provide the
required substitutional sites for a substantial fraction of the
implanted As atoms, and (ii) the resulting high temperature
solution of As atoms must be frozen-in sufficiently rapidly to
avoid significant As precipitation.’

In the low energy density range below 0.3 J/cm?, accord-
ing to our simulation, we may consider that the complete laser
energy delivered to the system is absorbed in the highly dam-
aged ion implanted layer. The system heats up and evolves
similar to a high temperature rapid thermal annealing (RTA)
process: The As incorporation in the crystal lattice positions
is, therefore, assumed to take place by Solid-Phase Epitaxial
Regrowth (SPER) of the a-SiGe. At 0.3 J/cm?, melting of the
~7nm thin a-SiGe layer occurs, as indicated by the ELA
modelling (Fig. 8(a)) and leads to a removal of the implanta-
tion induced damage and the epitaxial recrystallization of the
molten layer on the single-crystal substrate.”® The As incorpo-
ration is accomplished during re-crystallization from the lig-
uid phase (LPER) taking the underlying SiGe lattice as seed.
At this energy density, the As activation amounts to 1.5% of
the total implanted dose (Fig. 2). Activation now increases
drastically with the depth of the molten region until the com-
plete SiGe layer has melted (Fig. 9). Differently from RTA
where the diffusion, characterized by solid state diffusion
coefficients, is insignificant due to short annealing time (ns-
range), in the liquid phase the diffusion can be 10’ times
larger than in solid phase.””*® As a result, the As atoms redis-
tribute through the molten region, as confirmed by our SIMS
data (Fig. 3). Up to a laser energy density of 0.7 J/cm® when
also Si starts melting, a “hot SiGe fluid” is confined up to the
interface with the Si substrate and the fast motion of the
atoms in fluid results in a non-uniform Ge depth distribution
(Figs. 3(a) and 6(b)). While the ns-time scale of the cooling is
longer than the times of most major relaxation processes
(electron-electron, electron-lattice, etc.), the heat diffusion
into the Si substrate (heat sink) cools the material while form-
ing an epitaxial single crystal (Figs. 4(a) and 4(b)), adapting
the state of lowest energy.?’
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FIG. 9. Total dopant (As+B) concentration and dopant activation in
percent versus laser annealing density. The various scenarios of dopant con-
tribution and SiGe layer formation processes are indicated.

Above the Si melting threshold at around 0.7 J/cmz, the
laser process resembles pulsed laser induced epitaxy
(PLIE).**?! These newly formed SiGe layers grow pseudo-
morphic on the Si substrate, similar as for the previous
LPER energy density regime. The difference here is the
intermixing of the SiGe layer with the p'-type Si substrate
(Fig. 5(a)). Consequently, both dopant species, As from the
initial SiGe layer and B from the Si substrate will be incor-
porated into the recrystalized SiGe layer (Fig. 4(c)). While
the Ge content decreases drastically down to 8%, we can
consider the solid solubility for B and As in the new SiGe
layer to be similar to that of pure Si. However, the increased
activation with laser energy is not surprising for the tempera-
tures/time scales considered in this paper: The effective solu-
bility that matters here is that at the “kinetic freezing point”
of the solution, which depends on the maximum temperature
reached in the samples and cooling rate (ns in our case).
With orders of magnitude higher cooling rates, ELA is
clearly superior to RTA in this respect. Van Vechten
et al > suggested that an electron-hole plasma forms under
high laser energy densities which persists for a very long
time and leads to efficient annealing via two mechanisms: (i)
the substantial reduction in the number of bonding electrons
that “fluidize” the irradiated material which would subse-
quently undergo a second order transition; and (ii) the
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presence of the plasma that could permit enhanced vacancy
diffusion which allows enhanced activation. However, this
plasma annealing theory has been criticized and is not gener-
ally accepted.*

The activation of both, As and B atoms strongly influen-
ces the electrical characterization of the SiGe layers while
both, holes and electrons will contribute to the electrical
measurements. In order to estimate the influence of the B co-
doping on the electrical properties of As doped SiGe layers,
similar experiments as presented for As have been performed
with B doped samples. Table I shows a comparison of the
sheet carrier concentration and the activation degree for B
and As dopants achieved at two different laser energy den-
sities (typical SPER and LPER conditions) and three RTA
temperatures. Note that for comparing the effects on differ-
ent dopants, the activation is summarized only in the ELA
range where no Si melting occurs (no substrate or electrical
isolation layer influence).

For both, RTA and ELA processes, B activation was
found to be superior compared to As. Moreover, for the RTA
samples, the B activation increases with the temperature, in
the regions investigated, while the As seems to saturate at
about 15%—-16%. However, it has to be taken into account
that higher temperate annealing, above the layer growth tem-
perature, results in elastic strain relaxation via dislocation
formation, with a detrimental effect on devices performance.
The laser annealed samples results, therefore, in a better As
activation only at laser energy densities that melting the
complete SiGe layer.

V. CONCLUSIONS

A detailed experimental study on As doping of highly
strained SiGe layers by excimer laser annealing (ELA) has
been carried out and the results were related to the evolution
of thermal profiles, as simulated by FEM. The most impor-
tant finding is that about 20% of implanted As can be electri-
cally activated without changing the SiGe concentration
profile and strain status using ELA. This is about 10 times
more than obtained by standard RTA. Layer melting at
intermediate laser power is necessary to achieve small sheet
resistances and to activate high As concentrations. The
liquid-solid recrystallization results in singe-crystalline SiGe
alloys that are pseudomorphic with respect to the Si sub-
strate, thus strain properties of the initial layer structure can
be maintained. Modelling of the melting and epitaxial

TABLE I. Sheet concentration and dopant activation degree for B and As dopants using different annealing conditions.

Boron Arsenic
Temperature/energy

Process density Sheet conc. (cm™2) Activation degree Sheet conc. (cm™?) Activation degree
RTA 600°C 1.5 % 10" 15% 1.3 x 10" 13%

RTA 650°C 2x 10" 20% 1.5%x 10" 15%

RTA 700°C 6x 10" 60% 1.6 x 10 16%

ELA 0.15J/cm? - - 3.5 % 10" 0.35%

ELA 0.28 J/cm? 4% 10" 4% 1.5x 10" 1.5%
ELA 0.51J/cm? 9.9 x 10" 99% 1.8 x 10" 18%
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recrystallization by laser annealing can assess the depth of
the activation region, preventing intermixing and dopant re-
distribution.
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