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We report on the excimer laser annealing (ELA) induced temperature gradients, allowing controlled crystal-
lization and dehydrogenation of boron-doped a-Si:H/nc-Si:H multilayers. Depth of the dehydrogenation and
crystallization process has been studied numerically and experimentally, showing that temperatures below
the monohydride decomposition can be used and that significant changes of the doping profile can be
avoided. Calculation of temperature profiles has been achieved through numerical modeling of the heat
conduction differential equation. Increase in the amount of nano-crystals, but not in their size, has been
demonstrated by Raman spectroscopy. Effective dehydrogenation and shape of the boron profile have been
studied by time of flight secondary ion mass spectroscopy. The relatively low temperature threshold for
dehydrogenation, below the monohydride decomposition temperature, has been attributed to both, the
large hydrogen content of the original films and the partial crystallization during the ELA process. The results
of this study show that UV-laser irradiation is an effective tool to improve crystallinity and dopant activation
in p+-nc-Si:H films without damaging the substrate.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Amorphous and nanocrystalline silicon thin film devices play an
important role in the fabrication of large-area electronics, including
flat panel displays, X-ray imaging devices and photovoltaic panels.

Currently, the most common thin film silicon deposition techniques
are radio-frequency plasma enhanced chemical vapor deposition, and
hot wire chemical vapor deposition (HWCVD) [1,4]. Although CVD
techniques are well established and allow one to obtain Si films of
high electronic quality, easily doped from gas phase with boron,
phosphorus or arsenium using gaseous precursors of these elements,
the films obtained have nevertheless some structural flaws. Typical
nc-Si:H films consist of an amorphous incubation layer starting at the
substrate interface, followed by a partially of fully crystallized region,
depending on deposition conditions. This structure has some
drawbacks for applications [3,5,6]. First, in devices like bottom gate
thin-film transistors (TFTs), charge transport occurs in the channel
that forms within the first few layers of the film, which are part of
the incubation layer. Second, in many cases, like in the contacts of a
TFT or in any of the solar cell layers, transport is perpendicular to the
substrate, through the thickness of the film, thus involving the more
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defective incubation layer. Third, doped layers are normally used as con-
tacts in devices, with thickness typically of a few tens of nanometers,
thus being negatively affected by the incubation layer. Conventional
thermal techniques cannot be used to crystallize the films or to activate
the dopants because they would damage the low-temperature
substrates used in large-area applications and they definitely prevent
the use of thermo-sensible polymeric foils, that are used as substrates
for flexible electronic applications. An alternative route that allows
hydrogen content tailoring, improving crystallinity, and doping activa-
tion without heating up the entire sample, including the substrate is
therefore of great interest.

193 nm ELA (excimer laser annealing) can be considered as such
an attractive choice because of its capabilities to ensure low thermal
budgets, controlled penetration depth and localized processing.
These facts are based on the properties of the pulsed ArF excimer
laser radiation, with a wavelength of 193 nm and pulse duration of
a few tens of nanoseconds that only involves the warm-up of very
shallow near surface regions for a short time period [7]. Thus, the
technique is also applicable in the case of using polymers and glasses
as substrate materials, because the temperature reached on the sub-
strate can be controlled by means of the laser fluence used [8,9].
Moreover, the temperature depth profile gradient achieved in this
process can be previously calculated via numerical solutions of the
heat differential equations, providing an estimation of the adequate
laser fluence needed for annealing a sample without excessive
heating of the substrate [9,10]. In addition, due to the ultrafast
processes involved in ELA both, the diffusion of doping elements,
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Fig. 2. TOF-SIMS depth profile of boron and SiH in the whole as-deposited multilayered
structure. The numbers identifying the boron peaks correspond one-to-one to the
numbers identifying the doped layers in the scheme of Fig. 1 (left side).

148 F. Gontad et al. / Thin Solid Films 536 (2013) 147–151
the crystallization process and the effusion of hydrogen can be
controlled, through the adjustment of the laser fluence dependent
temperature profiles [7–9].

In the present work we report experimental studies on the
193 nm ELA inducedmodification of hydrogen content and crystallin-
ity in multilayered structures with alternating amorphous and boron
doped nano-crystalline silicon films that have been prepared by
HWCVD at low substrate temperatures. The choice of such multilay-
ered structures was based on the importance of both amorphous
and nanocrystalline silicon in the electronic, photonic and photovol-
taic industries and the large hydrogen content of those films deposit-
ed by HWCVD. In addition, those structures provide the possibility of
analyzing not only hydrogen, but also dopant diffusion. Moreover, in
order to select the most appropriate laser fluences, a previously
developed [10] numerical simulation of the temperature profiles pro-
duced by the employed laser pulses was carried out. Special attention
was focused on the study of the changes produced in boron doping
profile and crystallinity of the multilayer.

2. Experimental details

Alternating 20 nm amorphous hydrogenated silicon (a-Si:H) and
80 nm boron doped hydrogenated nanocrystalline silicon (nc-Si:H)
films were successively stacked on a Corning 7059 glass substrate
by HWCVD with an equipment described elsewhere [11] at the
same substrate temperature (Ts = 150 °C) and working pressure
(Pw = of 5.3 Pa), as can be seen in Fig. 1, where a schematic model
and a SEM cross section of the multilayered structure are provided.
Boron doped nc-Si:H films were deposited using hydrogen dilution,
HD, of the reactive gas mixtures, consisting of silane (SiH4) and
diborane (B2H6) [HD = FH2

/ (FSiH4
+ FH2

+ FB2H6) × 100%, where
the F's are gas flow rates]. Different diborane/silane flow rate ratios
0.2 ≤ R ≤ 3.5, (R = FB2H6/FSiH4

× 100%), were used in order to
achieve different doping concentrations for each individual nc-Si:H
film. In the growth of the buffer layers only silane without diborane
nor hydrogen dilution were employed, to ensure the formation of
an intrinsic hydrogenated amorphous silicon layer effectively sepa-
rating the doped layers. The final structure consisted of 13 layers of
a-Si:H and 12 layers of boron doped nc-Si:H stacked with a total
stack thickness of approximately 1200 nm. Hydrogen dilution was
HD = 95% for the first eight p+-nc-Si:H layers and for layer #11
(see Fig. 1). Two layers (#9 and #10) were deposited under lower
HD (80% and 90%, respectively). The boron and SiH bond distribution
along the whole as-deposited structure can be clearly seen in Fig. 2,
Fig. 1. Scheme and SEM cross-section image of the as-deposited multilayered structure (see
used for protection during the sample preparation by focused ion beam.
where its time of flight secondary ion mass spectroscopy depth
profiles with the correspondent position of the 12 doped layers are
provided.

The multilayer structure was irradiated in helium environment
(99.9999% purity) at room temperature and atmospheric pressure
for performing ELA. During the experiments, the radiation of a
193 nm excimer laser (Lampda Physik LPX 220i), with a pulse length
of around 25 ns, impinged normally to the sample surface. The beam
intensity was spatially homogenized using a fly-eye homogenizing
system (Exitech Limited Beam homogenizer EX-HS-700D) and “in
situ” monitored (Ophir PE50-DIF) as described elsewhere [12].
Various areas of 8.8 mm2 were irradiated with different laser
fluencies (70–300 mJ/cm2) and number of pulses (1 and 10).

For studying the dehydrogenation process through laser annealing
and its possible influence in the boron doping profile, time of flight
secondary ion mass spectrometer (TOF-SIMS) and Raman analysis
have been performed. Depth profiling analysis was carried out with
a TOF-SIMS IV (Ion-TOF) and achieved sputtering the sample with
an O2 gun with a 10 kV voltage while a pulsed Ga+ beam was used
for extracting the secondary ions. Raman measurements were
performed with a Jobin Yvon T6400 using an excitation wavelength
of 488 nm with a fluence well below the crystallization threshold of
text for definitions of HD and R). The top black layer visible in the SEM image is a Pt film
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Fig. 3. Calculated temperature distribution for the multilayered structure with a film
thickness of: a) 25 nm and 100 nm for a-Si:H and nc-Si:H, respectively and b) 30 nm
and 60 nm for a-Si:H and nc-Si:H.

Fig. 4. TOF-SIMS depth profile of SiH for different laser fluences down to a depth of 550 nm.
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the amorphous silicon in order to avoid Raman laser induced changes
of crystallinity and grain size.

3. Numerical simulation

The calculation of the temperature induced by irradiating the mul-
tilayered structure was performed for two models with different
thicknesses of a-Si:H and nc-Si:H films. The aim of using two different
models was to estimate the influence of possible fluctuations in the
real thickness of the samples grown by HWCVD. In the first case, a
thickness of 25 nm for a-Si:H films and 100 nm for nc-Si films was
considered, until a total thickness of 900 nm. In the other one, the
thickness was 30 and 60 nm for a-Si:H and nc-Si:H, respectively,
being again 900 nm the total thickness. In both cases, Corning glass
was considered as substrate and laser fluence to be in the range
from 50 to 300 mJ/cm2.

The temperature distribution achieved by the ArF excimer laser in
both models has been calculated by solving the heat conduction dif-
ferential equation [13] with the finite element method and using
the commercial software ANSYS© (10.0) [14], as described in previ-
ous works [15,16]. The collection of equations, boundary and initial
conditions in the nodes of a mesh previously defined used for this cal-
culation is extensively described in [10]. While the dependence of the
material properties k(T), ρ(T) and C(T) on the temperature [17–19]
has been taken into account, the losses of heat by convection and ra-
diation have not been considered.

4. Results and discussion

The temperature distribution calculated for both models is shown
in Fig. 3. The most representative laser fluences are plotted for every
model. In addition, the decomposition temperature for mono-, di-
and trihydrides and a-Si melting point are marked on the figure for
a better understanding of the achieved results. Comparing Fig. 3a
(sample with 100 nm nc-Si layers) with Fig. 3b (sample with 60 nm
nc-Si layers) one can easily observe that the model predicts for iden-
tical fluences with different depths of temperature thresholds.
Thresholds for thinner nc-Si layers are reached in deeper regions
than for thicker nc-Si layers. This is consistent with the fact that the
multilayer with the 60 nm nc-Si has a larger fraction of a-Si:H, thus
releases more latent heat during crystallization [9].

For evaluating the depth to which dehydrogenation can be
achieved, TOF-SIMS depth profile analysis of SiH fragments has been
acquired. Fig. 4 shows the normalized spectra, indicating the presence
of hydrogen bonded to silicon in the upper layers of the structure,
where changes after laser irradiation are produced. Specifically, the
profile of the structure, as-deposited and after being irradiated with
one laser pulse and laser fluences of 70, 140 and 200 mJ/cm2, respec-
tively, down to a depth of 550 nm is presented. As can be seen, the
SiH signal is decreasing significantly down to a depth of 170 nm
when the sample is irradiated with a fluence of 70 mJ/cm2, while no
significant differences compared to the as-deposited multilayer can
be detected in deeper zones. Higher fluences, such as 140 and
200 mJ/cm2, provoke an even stronger decrease in the SiH signal.
An interesting effect can be observed for the highest fluence at depths
between 40 and 140 nm where the Si–H signal is higher than
expected, when compared with the corresponding signal from deeper
zones. This can be attributed to the recombination of silicon with hy-
drogen diffusing from deeper zones to the surface. Part of the hydro-
gen atoms that have been removed from deeper regions seem to find
the silicon recombination centers and link to them, thus avoiding the
complete effusion from the upper layers. However, it can be assumed
that the majority of the hydrogen is effusing and recombining to H2

molecules during the diffusion process [20].
In the calculated simulation of the ELA, the dehydrogenation of the

multilayer at fluences near 100 mJ/cm2 is expected to occur down to
an approximate depth of 130 nm for both models, considering that
the effective dehydrogenation occurs when the monohydride phases
are starting to decompose (810 K) [21]. Taking this threshold into
account one should not expect to produce dehydrogenation down to
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Table 1
Crystalline fraction of the as-deposited and irradiated samples.

Crystalline fraction, Xc (%)

As-deposited 56
Irradiated samples 1 laser shot 10 laser shots

70 mJ/cm2 72 78
140 mJ/cm2 74 79
300 mJ/cm2 92 98
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the depth that has been actually achieved in the experiments. For a
laser fluence of 70 mJ/cm2, a dehydrogenation of the film down to a
depth of 100 nmhas been predicted, but the amount of hydrogen pres-
ent in the film decreased from the top surface down to 170 nm. The
rather large difference between simulation and experimental results
can be attributed to several reasons. The lower deposition temperature
compared to typical a-Si:H producing a higher amount of H bonds and
the boron doping itself, decrease the dehydrogenation temperature
more than 100 K [20]. In addition, the studied HWCVD nc-Si:H films
are not completely crystalline, showing a crystalline fraction that
strongly depends on the ratio of diborane/silane [11]. Thus, the
annealing and subsequent crystallization of the amorphous matrix in
the nc-Si:H films can produce an additional amount of latent heat [9]
that has not been considered in the simulation. The release of this ad-
ditional latent heat provides a supplementary increase of temperature
in the structure and, hence, the dehydrogenation of the structure down
to deeper zones. Taking these considerations into account, the temper-
ature distribution obtained by numerical simulation agrees with the
changes of the SiH signal found after laser annealing.

The experimental results indicate that, as expected, crystallization
of the laser treated volume occurs. Raman analysis using 488 nm
excitation wavelength, performed keeping the excitation laser beam
intensity well below the crystallization threshold, indicates that the
amorphous Si–Si band around 480 cm−1 decreases, while a relatively
broad peak around 514 cm−1 clearly increases in intensity with the
ELA treatment (Fig. 5). This peak at 514 cm−1, with a full width at
half maximum between 18 and 20 cm−1, characteristic for the
as-deposited nc-Si:H films, can be attributed to nanocrystalline Si
with crystallite sizes of around 5 nm [22] and increases its intensity
even when the sample is irradiated with only one shot at 70 mJ/cm2.
Moreover, the fact that this peak does not significantly shift with
higher laser energy densities indicates that the crystallite sizes do not
significantly change. The absence of a Si–Si peak at 521 cm−1, like
the one obtained by measuring a Si(100) wafer as reference, or peaks
at wave numbers between 514 and 520 cm−1, confirms the absence
of larger crystals. Furthermore, a reduction of peak width with the
amount of laser pulses is also evident, as shown in a comparison
of Raman spectra between one and ten laser shots at 70 and
300 mJ/cm2 (Fig. 5). The shoulder of the nc-Si, caused by a broad
band centered at 480 cm−1, assigned to the amorphous fraction of
the multilayered sample, decreases with the number of laser pulses.
In addition, its integrated area does not seem to be significant than
that for one laser pulse. This fact evidences an increase in the crystal-
line fraction with the laser fluence and number of pulses as can be
also noted in Table 1, where the crystalline fraction of the Raman
Fig. 5. Raman spectra of sample irradiated with one and ten laser shots.
probed volume has been calculated according to Ledinsky et al. [23].
It should be noted that for all samples the Raman signal is collected
from an interaction volume whose depth largely exceeds the thickness
of one single layer. If one assumes that at the 455 nm Raman excitation
wavelength the amorphous silicon optical absorption coefficient
α ~ 104–105 cm−1 then the light penetration depth in the sam-
ple ~ 1/α is in the range 100–1000 nm. The dramatic increase in crys-
talline fraction upon laser irradiation can most likely be attributed not
only to crystallization of the amorphous layers but also of the amor-
phous matrix in the nc-Si:H layers. This strong increase of crystalline
fraction (going from Xc = 56% in as deposited sample to Xc = 72%
after 1 laser shot at 70 mJ/cm2 until Xc = 98% after 10 shots at
300 mJ/cm2) can also explain the differences found between experi-
mental results and predicted numerical simulations. As dehydrogena-
tion occurs down to deeper zones than predicted by simulations,
an additional energy supply must exist, contributing to this stronger
dehydrogenation.

Another interesting issue is, if dehydrogenation and crystallization
in such kind of structures can be performedwithout causing significant
boron diffusion and, to which depth this can be done. TOF-SIMS depth
profile signal of boron for as-deposited multilayer and its evolution
after irradiating the sample with different laser fluences have therefore
been plotted in Fig. 6, showing the normalized boron counts. For the
lowest fluences (70 and 140 mJ/cm2) a slight decrease of the boron sig-
nal, observed from the top surface (down to a depth of 180 nm), might
be attributed to the matrix effect produced by the different crystallinity
of the measured spots. Apart from these issues, both signals seem to be
quite similar, in particular the position and shape of the interfaces
between doped and undoped layers.

On the contrary, significant changes were observed for a laser
fluence of 200 mJ/cm2, where the interface between doped and
undoped layers seems to be less sharp and slightly shifted. Combining
the features that can be seen in Figs. 2 and 4, we can conclude that with
increasing laser fluence up to 140 mJ/cm2, hydrogen is effectively re-
moved from the film without varying significantly the doping profile.
Fig. 6. TOF-SIMS depth profile of boron doping for different laser fluences down to a
depth of 550 nm.
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For higher fluences, an effective dehydrogenation is still achieved, but
changes in boron doping profile are also evident. In fact, for the highest
laser fluence, 300 mJ/cm2, the melting and recrystallization of the
upper layers provoke degradation on the boron doping profile. Despite
the short time of the laser annealing, boron diffuses along the upper
molten layers deteriorating considerably the initial sharp profile. The
latent heat released by crystallization of a-Si:H and the amorphousma-
trix of nc-Si:H, corroborated by the huge increase of crystalline fraction,
produces a deeper annealed volumewith lower hydrogen content than
predicted by numerical simulations. Despite the differences between
theoretical and experimental annealing depth, the simulation clearly
indicates that dehydrogenation in these kind of hydrogen rich a-Si:H/
nc-Si structures should mainly be driven by decomposition of di- and
trihydrides. Boron diffusion can, on the other hand, be avoided when
working under a fluence threshold of 200 mJ/cm2 that limits the
maximum temperature in the volume.

5. Conclusions

Energy threshold for an efficient dehydrogenation of the a-Si:H/boron
doped nc-Si:H multilayer avoiding drastic changes in doping profile
through excimer laser annealing has been determined. Laser fluences
up to 300 mJ/cm2, promote a partial crystallization of the amorphous
structures with crystal grain sizes around 5 nm and without significant
change in grain size of the nc-Si films. Partial crystallization of the amor-
phous matrix in the nc-Si layers takes also place, releasing additional
latent heat and leading to a deeper annealed volume than predicted
through typical numerical simulation. Fluence of 140 mJ/cm2 is high
enough to dehydrogenate the multilayer without significant changes in
doping profile and reaching crystalline fraction of 74%.

Using this study as a guide it should be possible to transfer the
present results to films deposited on plastic substrates at very low
substrate temperature (≤150 °C) and improve by UV-laser irradia-
tion their crystallinity and, for p-type films, the boron activation,
without damaging the substrate.
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