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a  b  s  t  r  a  c  t

UV  excimer  laser  annealing  (UV-ELA)  is  an  alternative  annealing  process  that,  during  the  last  few years,
has  gained  enormous  importance  for  the  CMOS  nano-electronic  technologies,  with  the  ability  to  provide
films and  alloys  with  electrical  and  optical  properties  to fit  the  desired  device  performance.  The UV-ELA
of  amorphous  (a-)  and/or  doped  nano-crystalline  (nc-)  silicon  films  is based  on  the rapid  (nanoseconds)
formation  of  temperature  profiles  caused  by laser  radiation  that is  absorbed  in  the material  and  lead  to
crystallisation,  diffusion  in  solid  or even  in  liquid  phase.

To  achieve  the  desired  temperature  profiles  and  to  optimize  the  parameters  involved  in the  processing
of  hydrogenated  nanocrystalline  silicon  (nc-Si:H)  films  with  the  UV-ELA,  a  numerical  analysis  by  finite
element  method  (FEM)  of a  multilayer  structure  has  been  performed.  The  multilayer  structures,  consisting
of thin  alternating  a-Si:H(10  nm)  and  n-doped  nc-Si:H(60  nm)  layers,  deposited  on  a  glass  substrate,  has

also  been  experimentally  analyzed.

Temperature  profiles  caused  by  193  nm  radiation  with  25  ns  pulse  length  and  energy  densities  rang-
ing  from  50  mJ/cm2 to  400  mJ/cm2 have  been  calculated.  Numerical  results  allowed  us  to  estimate  the
dehydrogenation  process  of  the  different  layers  and  the  diffusion  of phosphorous  (P)  in  Si  layers  as  well
as their  structural  modifications  as  a function  of the  applied  laser  energy  density.  Numerical  results  are
compared with  exhaustive  characterization  of  the  experimental  results.
. Introduction

Hydrogenated nanocrystalline silicon (nc-Si:H) consisting of a
ano-crystalline phase dispersed in an a-Si:H matrix, is a material
ith growing importance for large area nano-electronic, photo-

oltaic and biomedical devices. Its use for the development of
nhanced new devices in flexible integrated circuit technology has
rovoked extensive research in a-Si:H and nc-Si:H thin film pro-
essing techniques that avoid high substrate temperatures and,
n consequence, preserve the interface quality. This is particularly
f interest when dopant activation with junction depth control
hrough annealing is aimed [1,2]. In this context, UV-ELA anneal-
ng processes have already shown to strikingly improve crystalline
raction and raise doping efficiency in thin doped nc-Si:H films.

The application of the adequate amount of energy density

hrough pulsed laser radiation causes a rapid heating that provokes
he H2 desorption from the Si surface and the bulk material. Thiesen
t al. [3–8] have widely analyzed and demonstrated that the
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decomposition of dihydrides and trihydrides phases starts at 670 K
(di-), while for the monohydrides at about 810 K (mono-). On the
other hand, as it has been reported by Fahey et al. [9],  P only dif-
fuses in silicon through interstitials and dissolves in the lattice with
a limited solubility up to 1173 K (TP3). The values of the diffusion
coefficients are varying in a wide range following an Arrhenius type
equation, due to the broad temperature range (between 973 K (TP1)
and 1473 K (TP6)), as determined by Ghoshtagore et al. [10–14].
Moreover for high energy densities, it should be possible to reach
the melting point (MP), thus, a steep thermal gradient and a sharp
transition from liquid to crystalline phase takes place in a small
volume (the first nano-layers) [15–21].

This work presents a numerical analysis of the ArF laser ELA
processing of multilayers with alternating a-Si:H(10 nm)/P-doped
nc-Si:H(60 nm)  films and 710 nm total thickness on a SiO2 sub-
strates (1290 nm SiO2) (Fig. 1(a)), for a wide range of energy
densities. 100 < ˚(mJ/cm2) < 400.

Our attention is focused on the dehydrogenation temperature

(DT) of 670 K (di-DT) and 810 K (mono-DT) where the greater
amount of hydrogen should be liberated; likewise, the tempera-
ture between 973 K and 1473 K, where the P diffusion is important,
is analyzed.

dx.doi.org/10.1016/j.apsusc.2012.01.050
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:jconde@uvigo.es
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ig. 1. Model and geometry: (a) the a-Si:H(10 nm)  and nc-Si:H(60 nm)  multilayers
ensities of (b) 100 mJ/cm2, (c) 150 mJ/cm2, (d) 200 mJ/cm2, (e) 250 mJ/cm2, (f) 30
ignificant between 973 K (TP1), 1073 K (TP2), 1173 K (TP3), 1273 K (TP4), 1373 K (T

The laser energies needed for reaching mono- and di-
ehydrogenation temperatures (DT) as well as the temperature
ange (TP1–TP6), where P diffusion takes place inside the multi-
tructure, are studied to evaluate if melting of single or multiple
ayers occurs. Thereby, we estimated the depth at which di-DT and

ono-DT is reached, the diffusion depth of the P in the layers, as
ell as the possible melting depth (MD) in the multilayer struc-

ure (considering the a-Si:H melting point of 1420 K (a-Si MP)  and
683 K (c-Si MP)  for doped nc-Si) as a function of the applied laser
ulse energy density.

The numerical results are compared with experimental ones
btained from a multilayer with the above described structure
eposited by hot wire chemical vapor deposition (HW-CVD) and
nnealed with 193 nm laser radiation of varying energy density and
umber of pulses.

. Statement of problem

The high energy densities, provided by the short pulses of
xcimer laser (Lambda Physik LPX-220i), provoke locally rapid heat-

ng and cooling cycles in the a-Si:H and the nc-Si:H layers. Hence,
he importance of a previous numerical approach to the experimen-
al work, in order to carry out an adequate control of the induced
emperature gradients by means of discrete energy density values.
parison of the temperature vs. depth for the a-Si:H/nc-Si:H multi-layers at energy
m2 and (g) 400 mJ/cm2. Shaded area indicates the region where the P diffusion is
d 1473 K (TP6).

To achieve this goal, we  have taken into account that the tar-
get surface is completely covered by the laser spot which energy
density (W/cm2) has been well theoretically fitted through the
equation [22–25]:

Ii(z, t) = I0(˚, �)[1 − R(ni, ki)] exp[−˛i zi]

where Ii(z,t) describes the energy intensity profile in depth (z) at
any time (t); I0(˚,�) is the initial laser beam impinging perpendic-
ular to the top a-Si:H film (see Fig. 1(a)), that in turn depends of
the laser parameters: laser energy ˚ (J/cm2) and length pulse �(s);
R(ni,ki) the reflectivity [26–29] and ni, ki and ˛i (cm−1) the refrac-
tion, extinction index and absorption coefficient, respectively, at
each consecutive interface (i-) of the a-Si:H and doped nc-Si:H
films; zi stands for the depth variable along each film.

The software ANSYS® based on FEM allows us to predict
the temperature gradients and heat flux profiles by solving the
one-dimensional heat conduction differential equation (HCDE) in
depth:

�(T)C(T)
∂T(z, t)

∂t
= ∇[k(T) ∇T(z, t)] for 300 K ≤ T < TMP,
∂H(T)
∂t

= ∇[k(T)∇T(z, t)] for T ≥ TMP,

where T is the temperature field, TMP the melting temperature and
the thermal parameters: density � (g/cm3), specific heat C (J/g K),
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Table 1
Values of the depth at which significant temperatures are reached at different energy densities: The dehydrogenation temperatures (di-DT and mono-DT), lower and upper
temperatures at which the P diffusion is significant (TP1 and TP6) and melting points (MP) of a-Si and nc-Si.

 ̊ (mJ/cm2) [depth (nm)] Di-DT (670 K) Mono-DT (810 K) TP1 (973 K) a-Si MP  (1420 K) TP6 (1473 K) c-Si MP (1683 K)

100 208 5
150 610 220 70
200 > 540 220

430 60 20
700 180 105

> 420 330 120
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Fig. 2. Depth vs. energy density profiles at the dehydrogenation temperatures 670 K
(di-DT), 810 K (mono-DT); P diffusion significant temperatures: 973 K (TP1), 1073 K
(TP2), 1173 K (TP3), 1273 K (TP4), 1373 K (TP5) and 1473 K (TP6) and the a-Si:H
1420 K (a-Si MP)  and 1683 K (nc-Si MP)  melting points. Dashed lines indicate the

T
C
1

250 > > 

300  > > 

400  > > 

nd thermal conductivity k (W/cm2 K), for each material, are tem-
erature dependent and have been collected from the literature
30–34]. The variable H (J/cm3) is the corresponding enthalpy func-
ion that accounts for any phase change that appears [25]. The HCDE
ystem was completed by the following boundary conditions:

(a) the heat flux (above defined) normal to the irradiated sur-
ace:

ki(T)
∂T

∂z
= Ii(z, t) for t > 0

(b) the initial condition in the whole volume:

(z, 0) = T0 for t = 0

T0 the room temperature of 300 K.

. Numerical approach: results and discussion

Fig. 1(b)–(g) shows a comparison of the temperature vs. depth
or the a-Si:H/nc-Si:H multilayer on a SiO2 substrate (at 50 mJ/cm2

nd below, no temperatures of at least around di-DT are reached
n the structures). The laser light energy applied on the surface
ncreases first its temperature and produces a temperature gradi-
nt as the heat moves in depth. This gradient can be well fitted by
n exponential or second degree polynomial function (the dashed
ine on Fig. 1(b)–(g)).

At 100 mJ/cm2 the di-DT is reached down to a depth of 220 nm;
his value is also the threshold energy density necessary to reach
he mono-DT on the surface. At 150 mJ/cm2 the TP1 temperature
973 K), where the P diffusion starts (as indicated in the caption of
ig. 1), reaches the first layer without any surface melting and the
i-DT can be considered down to the 19th layer, while the mono-DT
own to the 7th layer.

At 200 mJ/cm2, TP1 reaches the 7th layer, whereas di-DT is
xtended to the whole multilayer structure and the mono-DT
s reached around the 15th layer. The laser energy density of
50 mJ/cm2 provokes melting in the first a-Si layer and the whole
P temperature range is attained (TP1(973 K)–TP6(1473 K)), from
he upper limit TP6, affecting the 1st layer to the lower limit TP1,
ffecting down to the 13th layer. With 300 mJ/cm2 the a-Si MP  in
he three first layers is reached.
Applying 400 mJ/cm2, seven a-Si layers and the first nc-Si layer
re totally molten, whereas the second one is partially molten.
herefore, an important increase of the Si crystalline fraction should
e expected down to 135 nm depth.

able 2
oefficients of the interpolated depth function vs. energy density at the significant tem
473  K (TP6).

SiO2 substrate Temperature (K)

(Di-DT) 670 K (Mono-DT) 810 K (TP1) 973 K (TP2) 1073 K 

A0 −725 −110 −159.7 −166.15 −
A1 8.9 −0.95 −0.085 −0.079 

A2 1E−14 0.021 0.0099 0.0071 
experimental energies used in this work.

Table 1 summarizes the depth to which the di-DT and mono-
DT, TP1 to TP6, and a-Si and c-Si MPs  temperatures have been
reached. These results are also graphically illustrated on Fig. 2. The
data points from this figure can be well fitted by second degree
polynomial functions as the following:

D = A0 + A1  ̊ + A2˚2

where D is the depth (nm),  ̊ is the energy density (mJ/cm2) and
Ai are the polynomial coefficients whose values are summarized
in Table 2. These equations are very useful to optimize the experi-
mental parameters prior to experimental work to predict easily and
quickly the desired depth for a particular energy density, according
to the threshold temperatures for the desired process.

In this way, we  can estimate that 75 < ˚(mJ/cm2) < 180 is
the optimal range of energy density to anneal the multilayer
structures in order to induce a di-dehydrogenation. Between
100 < ˚(mJ/cm2) < 255 also mono-dehydrogenation takes place.
Furthermore, up to 225 mJ/cm2 melting of the first a-Si:H layers
is produced. With respect to the P diffusion threshold temper-
ature (TP1), it is expected to be reached around 125 mJ/cm2.

Above 225 mJ/cm2 the whole TP1–TP6 range is fulfilled; thus, with
increasing energy density, the P diffusion depth is also increased.

peratures 973 K (TP1), 1073 K (TP2), 1173 K (TP3), 1273 K (TP4), 1373 K (TP5) and

(TP3) 1173 K (TP4) 1273 K (TP5) 1373 K (a-Si MP)  1420 K (TP6) 1473 K

277 −156 −542 −540 −486
1.07727 −0.0033 2.3133 2.4 1.57667
0.00347 0.0049 6.66667 −5.67E−17 0.00153
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ig. 3. (a) Raman spectra comparing the “as deposited” multilayer and the one irra
oncentration for the “as deposited” multilayer and the one irradiated with 1 pulse

. Experimental procedure: results and discussion

The multilayer has been grown on glass substrate (∼0.7 mm
hickness) using HW-CVD at 150 ◦C [35]. The UV-ELA set-up con-
ists of a laser source, “in situ” controlled by an energy density
ttenuator. The original excimer laser spot possesses spatially
nhomogeneous energy distribution, thus a fly-eye beam homoge-
izer (Exitech EX-HS-700D) has been used to obtain a uniformly
istributed energy density on a 4 cm × 2 cm spot, as described
lsewhere [36]. The sample is positioned at the focus of the homog-
nizer optics on a motorized stage in helium atmosphere. In the
ollowing, results from samples irradiated with one pulse of 100
nd 200 mJ/cm2 is presented.

Raman spectroscopy was performed on the irradiated spots
sing 488 nm excitation wavelength. Raman laser power was kept
ell below the crystallisation threshold of a-Si:H. This excita-

ion provides information on the overall structural changes of the
pper layers (down to several hundred nm depth) in the multilayer
tructure TOF-SIMS analysis was used to determinate the depth
istribution of H and P- concentration profiles.

Fig. 3(a) shows a comparison of the Raman spectra before and
fter UV-ELA. The spectrum of the as deposited sample shows the
ypical for a-Si broad band at around 480 cm−2 and a broad peak
round 516 cm−2 related to the nanocrystalline silicon phase dis-
ersed in a-Si matrix [37]. After 1 pulse of 100 mJ/cm2 the intensity
f the nc-Si peak slightly increases and the a-Si band decreases
Fig 3(a) inset). A greater improvement of the crystallinity is
chieved with 1 pulse of 200 mJ/cm2. The a-Si band intensity
ecreases significantly and the nc-Si feature converts to a sharp
eak.

TOF-SIMS analysis (Fig. 3(b)) reveals that, in fact, 1 pulse of
00 mJ/cm2 does not affect the Si-H and P profile, being almost sim-

lar to the one from the deposited sample. The average intensity
f the Si-H profile decreases from ∼28 × 103 to ∼20 × 103 counts
hat might be attributed to di-dehydrogenation. The sample irra-
iated with 200 mJ/cm2 exhibits a reduction of the Si-H content
own to 30 nm in depth, i.e. of the first a-Si:H and nc-Si layers
here, also mono-dehydrogenation should took place. Further-
ore, for the same sample, the P concentration in the first 80 nm

as almost doubled its value (from 5.5 × 103 to 11 × 103 counts at
ts maximum (30 nm depth)), i.e. of first a-Si:H and nc-Si layer. P

as diffused in the first 3 a-Si:H layers, where the slope of the P
ignal at the nc-Si:H/a-Si:H interface increases. These results are in
uite reasonable agreement with the prediction of the numerical
imulation.

[
[
[
[

d with 1 pulse of 100 and 200 mJ/cm2, (b) TOF-SIMS depth profile of the SiH and P
 and 200 mJ/cm2. The inset shows a detailed view of the first 85 nm.

5. Conclusions

The study has demonstrated that it is possible to perform a selec-
tive dehydrogenation and P diffusion in the multilayer-structure by
excimer laser annealing.

The performed calculus indicate that the optimal energy den-
sities to induce a di-dehydrogenation of the multi-layer film is
in the range of 75 < ˚(mJ/cm2) < 180 and to induce the mono-
dehydrogenation in the range of 100 < ˚(mJ/cm2) < 255. P diffusion
(marked by temperature TP1 of 973 K) starts for an energy density
close to 125 mJ/cm2, while for 225 mJ/cm2 and greater, the temper-
atures between TP1 (973 K) to TP6 (1473 K) are totally fulfilled.

The depth vs. energy density at the significant temperatures DT,
TP and MP  can be well fitted by second degree polynomial functions
in order to optimize the laser parameters prior to the experiments.

Lastly, estimated results have been compared with characteri-
zation of the experiment results of samples irradiated with 1 pulse
of 100 and 200 mJ/cm2 and it was  possible to confirm the feasibility
of UV-ELA to improve crystallisation grade of the multilayer.
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