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1. Introdution 

Microcrystalline Si (μc-Si) is an attractive material  for
high-efficient  solar  cells  since  it  has  no light-induced
degradation unlike a-Si films. However, μc-Si  for thin-
film solar cells formed by deposition techniques such
as plasma-enhanced chemical vapor deposition
(PECVD) and catalytic CVD (Cat-CVD) are not  be
completely crystallized.  This is because absorption of
oxygen atoms into grain boundaries, which deteriorates
electronic properties of μc-Si films,  is suppressed by
remained amorphous Si (a-Si). However,  photo-gener-
ated carriers have to path through a-Si, leading to seri-
ous reduction of diffusion length. 
On the other hand, poly-Si films formed by rapid ther-
mal annealing (RTA) of a-Si films prepared by  Cat-CVD
with hydrogen content of lower than 3％ show no oxy-
gen  diffusion  and  thus have high carrier mobility of
several ten cm 2/Vs [1].  We named this special poly-Si
nano-grain poly-Si (ngp-Si).  The dangling bonds gener-
ated due to desorption of hydrogen atoms can be effec-
tively terminated by high pressure water vapor anneal-
ing after RTA [2].  However, for fabrication of high-effi-
cient thin-film solar cells using this ngp-Si films, crystal-
lization time should be reduced down to about 10 mil-
liseconds in order to avoid serious dopant diffusion as
well as to suppress thermal damage to glass substrates. 
Flash  lamp  annealing  is  a  millisecond  treatment
using  lamp  irradiation  with  broad  spectrum in visible
range and thus can be a candidate for a new process to

form ngp-Si films and to fabricate ngp-Si solar cell struc-
tures.  There have been some reports for crystallization
of amorphous Si (a-Si) with thickness of several hun-
dred nm or less aiming to apply them to thin-film tran-
sistor [3], whereas no reports for formation of crystallized
films over 1μm for the purpose of application to solar
cells. 
In  this  study,  we  have  investigated  crystallization
of Cat-CVD a-Si films over 1μm by FLA. Their funda-
mental properties such as dopant diffusion and minority
carrier lifetime of the formed films have also been inves-
tigated. 

2. Experiments 

Intrinsic a-Si thin films as precursors having thickness
from 100nm to 1500nm were formed by Cat-CVD
method  on  quartz  substrates.    Tungsten  wires  heat-
ed  at  1750℃ were  used  as catalyzers.  Quartz sub-
strates were heated at 250℃ during deposition.  The
hydrogen contents of deposited a-Si films estimated by
FT-IR measurements are about as low as 3％, resulting
in low hydrogen  desorption  during  FLA.    For  investi-
gation  of  dopant  diffusion,  p-i-n  structures  with each
thickness  of  20nm,  700nm,  and  20nm,  respectively,
were  also  formed  in  this  order  on SnO2 films formed
on glass substrates.  Diborane (B 2 H 6 ) and phosphine
(PH3 ) gases were used to form p- and n-type a-Si layers,
respectively.   
The  treatment  time  of  FLA  was  fixed  at  less  than
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10  milliseconds,  while  its  irradiance  was systemati-
cally  changed.  HPWVA  was performed  to  some  of
films  after  FLA  under  3  MPa  and 350℃ in 60 min.
The impurity profiles for p-i-n structures before and
after FLA were observed by  secondary  ion  mass  spec-
trometry  (SIMS). Fundamental  properties  of  the
films  were characterized  by  X-ray  diffraction  (XRD),
Raman  spectroscopy  and  UV-transmission measure-
ments.    Minority  carrier  lifetimes  were  measured
by  microwave  photo-conductivity decay (μ-PCD) with
an excitation laser wavelength of 770 nm. 

3. Results and discussion 

Raman  spectra  of  films having  a  thickness from 100
nm to  1500  nm after  FLA  are  summarized in Fig. 1.
Broad peaks centered at 480cm－1 originating from a-Si
are dominant in the spectra for 100  and  300  nm-thick
films.    On  the  other  hand,  sharp  peaks  located  at
520cm－1 indicating crystallization  of  the  film  can  be
seen  in  the  spectra  for  1000  and  1500  nm  films.
Detailed numerical  analysis  including  time-dependent
thermal  generation  and  flow  should  be  performed
for further understanding of the mechanism of this phe-

nomenon.  Anyway, It has been confirmed that  a-Si
films with thickness of over 1μm,  which is necessary
for  sufficient  absorption  of sunlight, can be crystal-
lized by FLA. 
Figure 2 shows grain size of microcrystalline Si con-
tained in the crystallized films with thickness of  1.5μm
as a function of relative irradiance estimated by XRD
measurement.  Although the grain size gradually
increases with increasing lamp irradiance, it is still less
than 60 nm, which is equivalent to that in ngp-Si formed
by RTA for several ten seconds. 
Figure 3 shows  Raman spectra  for  crystalline  Si
films with thickness of  1.5μm formed by  FLA with dif-
ferent irradiance.  For the weakly irradiated film, a
broad peak related to a-Si can also be observed  in  the
spectrum, whereas no signals related to a-Si can be
seen  in  the  spectrum  for strongly  irradiated  films,
corresponding to a relative irradiance of 1.48 in Fig. 2.
According to these results, ngp-Si structure has been
probably formed in the case of strong irradiance. 
Figure 4 shows a decay curve of microwave reflection
measured byμ-PCD for this strongly irradiated 1.5μm-
thick ngp-Si film to which HPWVA has been treated.

0.9
0

10

20

30

40

50

60

70

1.0 1.1 1.2 1.3 1.4 1.5 1.6

G
ra
in
  s
iz
e 
(n
m
)

Relative lamp irradiati n (arb. units)

Fig.1 Raman spectra for various Si film thickness after FLA 
treatment.

Fig.2 Grain size in crystallized Si films with thickness of 1.5µm as
a function of relative lamp irradiance.
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Fig.3 Raman spectra for crystallized Si films  with thickness of
1.5 µm  treated under various lamp irradiance.
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Fig.4 Microwave reflection decay measured by µ-PCD for the
ngp-Si film with thickness of 1.5µm after HPWVA treatment. 
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Fig. 5 SIMS profiles for (a) phosphorus and (b) boron atoms before and after FLA. 

Amazingly  long minority  carrier  lifetime  of  5-10μs
is seen.  This long  carrier  lifetime  can  be  reproduced
only when crystallinity of a poly-Si film is sufficiently
high,  that is, lamp irradiance is sufficiently strong.
Assuming minority carrier mobility of 10cm2/Vs,  the
diffusion length can be estimated to be over 10μm
using equations of L = (Dτ)1/2 and D/μ= kT/q,  where
L, D, τ, μ represent minority  carrier  diffusion  length,
diffusion coefficient, lifetime and mobility, respectively.
This minority  carrier  diffusion  length  is  much
longer than the film  thickness.  Without PWVA treat-
ment,  such  significant  signals  cannot  be  seen,
which is probably because  minority carriers generated
by  a  laser  pulse  are  immediately  annihilated  due  to
a large number of unpassivated defects.  Therefore,
this result also indicates that HPWVA is essential for
forming  high-quality ngp-Si films with long minority
carrier lifetime. 
We have also investigated dopant in a p-i-n structure.
Figures 5 (a) and (b) show SIMS profiles for  phospho-
rus and  boron  atoms  before  and  after  FLA.
Although  both  of  dopants have  slightly diffused  into
intrinsic  layers,  p-i-n  structure  has  still  remained
and  we  believe  that  this  dopant diffusion  can  be
suppressed  by  optimizing  FLA  conditions and  sam-
ple  structures.  Therefore,  it can  be  concluded  that
this  FLA  treatment  is  capable  of  crystallizing  p-i-n
structures  without destruction of abrupt doping layers
and thus is suitable for high-efficient solar cell process.   

4. Conclusions 

In  this  study,  we  clarified  that  a-Si  films  formed  by
Cat-CVD with thickness of over 1.5μm deposited on
quartz  substrates  can  be  successfully  crystallized  by
FLA.   The  strongly  irradiated  films exhibit high crys-
tallinity as well as the grain size of lower than 60 nm,
indicating formation  of  ngp-Si.   HPWVA  treatment  is
effective  to  terminate  defects  for  these  ngp-Si  films
and  consequently  a  long  minority  carrier  lifetime  of
5-10μs is  observed  from the  ngp-Si  films only  after
HPWVA.   This  surprisingly  long  carrier  lifetime  cor-
responds  to  the  minority  carrier  diffusion  length  of
over  10μm  assuming  minority  carrier  mobility  of
10cm 2/Vs. Dopant diffusion  during  the  FLA  treat-
ment  is  so  small  that  p-i-n  structures  have  been
maintained.  Therefore,  the  FLA  process and  ngp-Si
films formed  by  it  are  applicable  for  high-efficient
thin film solar cells. 
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