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Atomic-scale model ofc-Si Õa-Si:H interfaces
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We present the first atomic-scale numerical study of thec-Si/a-Si:H interface structure, based on combined
tight-binding molecular dynamics simulations andab initio electronic structure calculations. We generate
models with different realistic H concentrations, up to 11%, following two distinct procedures. We discuss the
effects on the topological and electronic properties due to the H content and to the different generation
protocols. We obtain model junctions with a realistic percentage of topological defects and showing either a
trend to amorphization of thec-Si region or a trend to recrystallization of thea-Si:H region. These are
indications of the variety and complexity of the processes present in the real samples, and also suggest that our
numerical samples are representative of some realistic cases.
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I. INTRODUCTION

Si-based heterostructures are of enormous technolog
importance for their use in solar cells and in other optoel
tronic devices. Compared to high-qualityc-Si, the use of
hydrogenated amorphous silicon (a-Si:H! as active elemen
in the solar cells has several advantages from the techno
cal point of view: larger absorption coefficient in the so
spectrum which requires a smaller thickness ('1 versus
'20 mm), possibility of deposition on larger surfaces~up to
'1 m2), and lower cost of fabrication. With respect to pu
a-Si, the hydrogenated material is preferable for its low
content of coordination defects, which could prevent dop
and photoconductivity.1

In the present work we focus our attention on interfac
betweena-Si:H and the pure crystalline phasec-Si/a-Si:H.
The electronic properties of this interface have been inve
gated experimentally with a variety of techniques, givi
some conflicting results. For instance, the reported value
the band lineups, which are key parameters governing
electronic and optical properties, range from 0 to 0.7 eV
typical H content of about 10–15 %~see Ref. 2, and refer
ences therein!.

In absence of a direct experimental knowledge of
atomic-scale structure, a theoretical/computational study
the interface is appropriate. Despite the wide literature c
cerning the simulation and the study of the amorphous ph
both pure and hydrogenated, either from first principles3 and
by means of semiempirical approaches,4–7 we are not aware
of any direct simulation of thec-Si/a-Si:H interface. Instead
we are aware of a couple of computational investigatio
concerning the band alignment at this interface8,9 obtained by
means of a comparison of the two phases separately. On
other side, direct simulations of the interface concerning o
the nonhydrogenated case, namely,c-Si/a-Si, have been
published in Refs. 10–13. The presence of hydrogen co
sponds to a more realistic situation, and therefore the st
of c-Si/a-Si:H interface is worthy.

A direct atomic-scale simulation of the interface is aim
at clarifying first of all several questions concerning its stru
0163-1829/2004/69~7!/075301~7!/$22.50 69 0753
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tural and electronic properties. In the present paper we fo
on the generation of trustworthy interface model and on
investigation of the related topological properties, includi
the interface structure and extension, as well as the prefe
tial distribution of hydrogen. We study some selected co
figurations, with interfaces obtained following two differe
simulation protocols, and with different hydrogen concent
tions, ranging from 3.75 to 11.25 %. A realistic model of t
interface is also necessary to afford the study of the e
tronic properties, including band discontinuities and their d
pendence on the actual interface structure, on the ave
hydrogen concentration and on its distribution. We pres
here only a partial study of the electronic properties. A mo
detailed investigation will be the subject of a future work

In the next section we give some technical details c
cerning the generation of the atomistic structure, which
based on a tight-binding molecular dynamics~TBMD!
approach14 with the use of periodically repeated supercel
We will also describe the two different simulation protoco
used to build the interface.

Section III is devoted to the accurate discussion of
results for thec-Si/a-Si:H interface with 11% of H atomic
concentration. In Sec. IV we mention theab initio approach
followed for the electronic structure calculations, and w
briefly presents some results for the density of states~DOS!
of that sample. Finally in the last section we summarize a
compare the results obtained for other samples with differ
H concentrations.

II. GENERATION OF THE NUMERICAL MODELS

The interatomic interactions are described using a se
empirical, orthogonal, and two-center tight-binding a
proach, with a minimal basis set containing Sisp3 and H 1s
atomic orbitals. The TB matrix elements are parametriz
and scaled analytically with the interatomic distance. We
the main references for the different parametrization u
here and we refer the reader to the cited articles for deta
The parametrization for Si-Si interaction is the one propo
by Goodwin, Skinner, and Pettifor~GSP!,15 and already suc-
©2004 The American Physical Society01-1
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cessfully applied in different studies concerning amorph
phases.5,16 The parametrization of Si-H interactions is tak
from Ref. 17, a choice motivated by the good results
tained in the application to the problem of H bonding a
migration in a-Si,5 which are in excellent agreement wit
accurateab initio results. The H-H interaction has been d
scribed as in Ref. 18. The cutoffs are 2.8, 2.5, and 3.1
respectively, for Si-Si, Si-H, and H-H interactions.

Heterostructures can be conveniently described using
riodically repeated supercells, as proposed, for instance
Ref. 19, containing one slab of each constituent and there
two interfaces. In the present case we want to simulate
most common case, i.e., interfaces obtained with depos
of a-Si:H on a ~001! Si substrate. Therefore we consid
tetragonal~001! supercells containing up to 320 Si atom
with a5b52a0 andc'10a0, wherea0 is the lattice param-
eter of the crystalline phase. The lateral dimensionsa andb
are fixed to simulate the growth on ac-Si substrate, and the
c/a ratio is optimized for each system~at a given H concen-
tration! according to the equilibrium density of the amo
phous slab.

Once the optimalc/a is determined, the dynamical evo
lution of the system is within the constant volume, const
temperature ensemble. Atomic trajectories have been a
by means of the velocity-Verlet algorithm, using a time st
as short as 0.5 fs. Temperature control has been operate
velocity rescaling.

Some considerations concerning density and inte
stress are now in order. Experimentally the density ofc-Si at
0 K is rc52.33 g cm23, equivalent to a lattice paramete
a055.429 Å.8 The GSP parametrization gives an equili
rium densityrc

GSP52.35 g cm23, corresponding to a lattice
parametera0

GSP55.41 Å, '0.3% less than the experiment
value. Conversely, if the lattice parameter is fixed to the
perimental value, an internal stress of about2250 MPa is
obtained with GSP parametrization for the system at ro
temperature. Experimentallya-Si:H is less dense thana-Si,20

by an amount which depends on the H concentration.
tested that the variation of the calculated equilibrium den
of a-Si:H with the H content is similar to the experiment
one. Therefore in our numerical models we use the exp
mental values for the density, i.e., 2.20, 2.24, 2.28 g cm23

for atomic H concentration equal to 11.25, 7.5, and 3.75
respectively (2.32 g cm23 extrapolating to purea-Si!. The
numerical samples ofa-Si:H obtained with these values o
the density and with the parametrizations chosen here ha
residual internal stress of the order of magnitude of 12

MPa,21 similar to the one obtained for purea-Si andc-Si.
Hydrogenated Si samples have been obtained by que

ing from melt as sketched in Figs. 1 and 2. The quench
from melt protocol and the creation of thea-Si:H starting
point structure corresponds to the first'30 ps in both Figs. 1
and 2. In practice, we start from a crystalline Si and we h
it up to 6000 K in'1 ps ~heating rate:;631015 K/s) in
order to obtain a very disordered configuration in a reas
able time. After a short thermalization the system is rapi
cooled down close to the melting temperature ('1800 K). A
number of H atoms corresponding to the desired concen
tion is now added randomly to this melt, under the on
07530
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condition that the interatomic Si-H distances are greater t
1 Å. At this stage, after the hydrogenation, we can proce
following two different procedures, represented in Figs.
and 2, respectively.

The first method~A, Fig. 1! is a sort of cut and paste.~i!
We separately generate a sample ofa-Si:H as explained, in a
tetragonal cell with dimensionsa52a0 , c'5a0 ~the actual
value depending on the H content as discussed above!. ~ii !
The system is cooled at room temperature~RT!, then an-
nealed at'900 K for few ps; the system is further equil
brated at RT for 10 ps and then the statistical averages
taken for 5–10 ps to check the quality of the sample.~iii ! We
join this cell through the smallest face with one of the sa
size of purec-Si, at low temperature; this junction must b
done carefully, avoiding that some boundary atoms come
close together.~iv! The internal degrees of freedom of th
structure are then relaxed first at low temperature, with
reduced time step~0.1 fs!, and then through a careful therm

FIG. 1. Protocol followed for the generation of thec-Si/a-Si:H
interface through a tight-binding molecular dynamics approach,
cording to the method A described in the text.

FIG. 2. As in Fig. 1, but for method B.
1-2



fo
h

n
th
in

te
o

In
th
t
to
nd

ra

o
ity
in

ta
f
ire
on
m

e
m

h-
m
t

he
n
x-
e

si
pe

r
ined
c-
x-

go-
H
l of

H
ass
ro-

e,

al

ns

ity.
ive
ted
are
us

i-
he
rys-
ed

s,
th
b

ting
n,

s

ring

he
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annealing up to 900 K. Finally, the system is equilibrated
10 ps at 300 K. In Table I we summarize the size of t
tetragonal cells used forc-Si anda-Si:H in method A before
the junction.

The second method~B, Fig. 2! is a more direct generatio
of the interface, whose formation starts already in
quenching from melt phase of the simulation, before cool
and equilibrating thea-Si:H structure.~i! As in method A we
generate a disordereda-Si:H structure.~ii ! While keeping the
structure at high temperature~1800 K! we add a slab ofc-Si.
We therefore start creating the amorphous-crystalline in
face at this stage, proceeding for about 10 ps with the am
phization process of a portion only of a simulation cell.
practice this is obtained with a damped dynamics of
~nominally! c-Si atoms, by setting their atomic masses a
fictitious large value.~iii ! Then the sample is cooled down
RT, all the masses are reported at their proper values, a
good crystalline/amorphous structure is indeed obtained.~iv!
We perform an annealing at 900 K followed by an equilib
tion at RT.

Instead of setting fictitious large masses for the am
phization of a portion of the structure, another possibil
would be to use a strong gradient temperature, but we th
this is a worse approximation of the experimen
conditions.13 A quite ‘‘standard’’ protocol for the creation o
an interface is to start from the beginning with the ent
simulation cell and to do the amorphization of a porti
only: the results should not be substantially different fro
our method B, which is more efficient and cheaper sinc
allows us to manage with only half of the number of ato
for a considerably long time of the simulation (;30 ps in
our units!.

The finala-Si:H/c-Si structures, obtained both from met
ods A and B, contain 320 Si atoms and a number of H ato
varying up to 18~see Table I!. Our two methods are aimed a
obtaining two, possibly different, realistic samples of t
structure for any H concentration. In particular, a differe
distribution of the light, more diffusive, H atoms can be e
pected, as well as possible variations in the defect conc
tration and in the extension of the interface regions.

III. STRUCTURAL CHARACTERIZATION OF THE
NUMERICAL SAMPLES

In this section we focus directly on the structural analy
of the heterostructures. We only report that we had also

TABLE I. Dimensions of the tetragonal cells used forc-Si and
a-Si:H slabs with different atomic H concentration~before the junc-
tion! in method A.NSi andNH are the number of Si and H atom
and the atomic H concentration reported in the first column is
ratio NH /NSi . The dimensions in the directions parallel to the su
strate area5b510.859 Å for any simulation cell.

Sample~% H! NSi NH c ~Å! c/a

c-Si 160 27.149 2.50
a-Si:H ~3.75%! 160 6 27.692 2.55
a-Si:H ~7.5%! 160 12 28.235 2.60
a-Si:H ~11.25%! 160 18 28.778 2.65
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formed a careful structural analysis of thea-Si:H sample
beforethe junction in method A, to check the quality of ou
computer generated models step by step: the results obta
for the pair correlation function, angular distribution, velo
ity distribution, etc., are of good quality compared with e
perimental data22 and previous calculations.3,5

We show the ball-and-stick representation of the tetra
nal cell simulating the structure with 11.25% of atomic
concentration, obtained with method A in the upper pane
Fig. 3. The tetragonal cell contains 320 Si atoms and 18
atoms. In the lowest part of the figure we report the m
density profiles of Si and of H, respectively, in the hete
structure along the growth directionz. Vertical long-dashed
lines indicate the nominal initial position of the interfac
i.e., the junction between the two cells ofc-Si anda-Si:H.
The profiles are more precisely macroscopic averages,19 ob-
tained filtering the planar profiles alongz with a window of
fixed lengthL or, equivalently, filtering a three-dimension
quantity with a slab of dimensionsa3b3L. In the present
case, dotted-dashed and solid lines are obtained withL
5a0/4 anda0/2, respectively. Sincea0/4 is the natural peri-
odicity of c-Si along the~001! direction, we obtain~as ex-
pected! that such profiles are flat in the crystalline regio
and have the values of the bulkc-Si, and they fluctuate in the
amorphous region because of the intrinsic lack of periodic
The amplitude of such fluctuations cannot give quantitat
information because of the statistical noise due to the limi
size of the averaging slab. However, the density profiles
a first visual indication of the transition between amorpho
and crystalline regions.

We point out that with respect to the initial nominal pos
tion of the interface, the density profile of Si indicates t
a-Si:H/c-Si phase boundary has propagated towards the c
talline part. The bottom panel shows that H remains confin

e
-

FIG. 3. Upper panel: Snapshot of the heterostructure simula
the c-Si/a-Si:H interface with 11.25% of atomic H concentratio
obtained with method A. The tetragonal cell contains 320 Si~gray!
atoms and 18 H~black! atoms. Lower panels: Mass density profile
of Si and of H, respectively, along the growth directionz of the
heterostructure. Solid and dotted-dashed lines are obtained filte
the planar profiles with a window ofa0/2 anda0/4, respectively.
Vertical dashed lines indicate the initial nominal position of t
interface.
1-3
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within the amorphous region also after the junction and
annealing even if during the simulation we have obser
large displacements of H around the interface regions~much
larger, in fact, than those predicted by the estimated mob
factor at the corresponding temperature!.

Figure 4 is similar to Fig. 3, but for the sample obtain
with method B. We can see that in case B the fluctuation
the Si density profiles in the interface regions are less p
nounced than in case A, suggesting a partial recrystalliza
of the amorphous region. Furthermore H is concentrated
more restricted amorphous region. Both simulations seem
suggest that hydrogen does not have a preferential distr
tion ~e.g., close to the interface, rather than far from it!.

In the left panel of Fig. 5 we report the plot of the traje
tories of Si and H atoms of thec-Si/a-Si:H heterostructure
shown in Fig. 3, during the sampling at 300 K, project
onto axz plane. On the right side, we report the main stru
tural functions@pair correlation functiongSi-Si(r ), angle dis-
tribution function gSi-Si-Si(u)] of the heterostructure, aver
aged over slabs of abouta0/2. These properties provide
quantitative estimate of the interface extension, about 8
We stress that in the middle regions of the two phases,
from the interface, the structural functions have recove
the bulklike behavior ofc-Si anda-Si:H, and this stands fo
the appropriate size of the supercell. We also studied the
correlation functions related to the presence of H, nam
gSi-H(r ) andgH-H(r ): they are less meaningful thengSi-Si(r )
because of the reduced statistics due to the very few H
oms, but, however, in the middle of thea-Si:H region also
these functions have the profiles typical of the bulka-Si:H.
The comparison with the same figures for the interface
tained with method B~Fig. 6! further indicates the trend of
partial recrystallization of the amorphous region.

In Table II we report the relative occurrence of underc
ordinated~with dangling bonds! and overcoordinated~with
floating bonds! Si atoms in the amorphous slab and in t
two interface regions~average of the two in each supercel!,
as well as the average coordination number and the am
of Si atoms used for the statistics in those regions. The
interface regions have a similar extension in both sample
and B, ;8 Å in the growth direction, and hence includ

FIG. 4. As in Fig. 3, but for the sample obtained with method
07530
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;45–50 Si atoms. The amorphous slab is less extende
sample B than in A because of the partial recrystallizat
occurred. The coordination of Si atoms is calculated sim
using a bond-cutoff distance 15% larger than the crystal
bond length for the Si-Si bonds and similarly a bond-cut
distance 15% larger than the Si-H distance in the silane m
ecule for the Si-H bonds. This choice is consistent with
actual position of the first minimum of the correspondi
pair correlation functions computed in the amorphous sl
For our present purposes a classification of coordination
fects based on pure geometrical criteria is sufficient, but
point out that a better characterization of the bonding c
figuration and a resolution of possible ambiguities of rela
topological defects25 can be obtained only by an accura
analysis of the valence charge distribution and more sop
ticated methods based on the ‘‘electron localizati
function’’26 or Wannier functions.27

In the structures that we are considering here, the perc
age of defects is realistic and comparable with the perc

.

FIG. 5. From left to the right: plot of the trajectories of Si~gray!
and H ~black! atoms of thec-Si/a-Si:H heterostructure shown in
Fig. 3, during the sampling at 300 K, projected onto axz plane;
structural functions~pair correlation function, angle distribution
function! averaged over slabs of abouta0/2.
1-4
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ages reported in the literature. In the interface region is typ
cally smaller than in the amorphous part.

Although no dramatic differences in the relative occur
rence of defects are observed comparing A and B models, t

FIG. 6. As in Fig. 5, but for the sample obtained with method B
07530
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quality of structures obtained with method B seems gener
better, being characterized by a slightly minor amount
defects, both undercoordinated and overcoordinated, in
amorphous slab and in the interface regions.

IV. ELECTRONIC STRUCTURE

The structures obtained with TBMD can be used as
input of ab initio electronic structure calculations. A com
plete detailed study of the electronic properties
c-Si/a-Si:H interface is beyond the scope of the pres
work; however, we present here some results for the den
of states, in connection with the topological analysis p
sented before. Calculations are performed within the fram
work of density-functional theory in the local density a
proximation, using norm-conserving pseudopotentials,29 a
plane-wave cutoff of 16 Ry for the plane wave basis set, a
a Monkhorst-Pack grid30 with 4 and 20k points for the self-
consistent and non-self-consistent calculations, respectiv
This approach has been already successfully used to s
the electronic structure of other amorphous Si ba
systems.3,10,25

We report in Fig. 7 the DOS of the sample A with 11.25
of H content, together with the projection over the atoms
the crystalline, amorphous, and interface regions as alre
specified in Table II. The total DOS of the heterostructure
nonvanishing at the Fermi energy: as one can see from
different contributions, this originates from the amorpho
and interface regions~dashed lines! and must be attributed to
the existence of the structural defects which are in
present case mainly dangling bonds, as shown in Table I
part from details due to the possible various origin of t
midgap states in different samples, the amorphous-proje
contribution has the typical form of the bulka-Si ~see, e.g.,
Ref. 25, and references therein!; together with the fact tha
the c-Si projected DOS has the typical profile of bulkc-Si,
this is a further indication of the appropriate size of our s
percell for the description of the junction. Better resoluti
for the DOS~especially around the Fermi energy! could be
obtained improving the technical ingredients of the calcu
tions, such as the number ofk points, at the cost of a large
computational effort.

.

right:

TABLE II. Topological defects concentration in the different samples in thea-Si:H slab and averaged in

the two interface regions in each cell. For each region we report in four columns from the left to the
undercoordinated (TNN,4) atoms; overcoordinated (TNN.4) atoms; average coordination number (^NN&); in
parentheses the number of Si atoms considered for the statistics (nSi). NN means ‘‘nearest neighbors.’’

a-Si:H/c-Si sample a-Si:H region interface regions
~method and % H! TNN,4 TNN.4 ^NN& nSi TNN,4 TNN.4 ^NN& nSi

A ~3.25%! 10% 1% 3.88 ~116! 2% 2% 4.00 ~92!

B ~3.25%! 10% 0% 3.90 ~111! 2% 0% 3.98 ~97!

A ~7.5%! 11% 2% 3.91 ~110! 6% 1% 3.95 ~82!

B ~7.5%! 6% 1% 3.95 ~112! 4% 0% 3.97 ~88!

A ~11.25%! 6% 2% 3.95 ~121! 6% 0% 3.93 ~95!

B ~11.25%! 5% 0% 3.93 ~93! 3% 0% 3.96 ~86!
1-5
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FIG. 7. Electronic density of states of th
a-Si:H~11%!/c-Si sample obtained with metho
A: total DOS of the heterostructure~thick solid
line! and partial DOS projected on amorphou
~long-dashed line!, interface~short-dashed line!,
and crystalline~dotted! regions. The normaliza-
tion of the curves is chosen proportional to th
number of atoms considered in the different r
gions~see Table II for details!, and the total DOS
coincides with the sum of the three contribution
The Fermi energy is set to zero.
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V. CONCLUSIONS

We also study heterostructures with other H concen
tions, as summarized in Tables I and II. All our numeric
samples contain in general more undercoordinated than o
coordinated defects. It appears from Table II that the perc
age of undercoordinated defects is reduced by increasing
amount of H. The effect commonly observed upon hydro
nation of a-Si in real samples is a reduction of midgap e
ergy levels, and this is typically ascribed since a long time
the passivation of the dangling bonds by H.1 In Ref. 25 we
demonstrate that a complementary mechanism of reduc
of gap states with H is annihilation of overcoordinated d
fects. The numerical models of interfaces obtained in
present work are consistent with the idea of passivation
the dangling bonds by H, but they do not exclude the po
bility of annihilation of floating bonds, which is not eviden
in the present samples due to their very limited statistics

A part from the obvious relative differences due to t
variations in H content in the different numerical samples,
of the main structural trends previously discussed have b
confirmed. In particular we can state the following.~i! A
rough estimate of the extension of the interface is'8 –10 Å,
based on the density profiles of Si and H along the gro
direction, and on the local pair and angle distribution fun
tions gSi-Si(r ) and gSi-Si-Si(u). ~ii ! H is almost homoge-
neously distributed in the amorphous region.~iii ! The equi-

*Electronic address: peressi@ts.infn.it
1A. Shah, P. Torres, R. Tscharner, N. Wyrsch, and H. Kepp

Science285, 692 ~1999!; B. Rech and H. Wagner, Appl. Phys
A: Mater. Sci. Process.69, 155 ~1999!; E.A. Davis, J. Non-
Cryst. Solids 198-200, 1 ~1996!; R.A. Street,Hydrogenated
Amorphous Silicon~Cambridge University Press, Cambridg
1991!.

2T.M. Brown, C. Bittencourt, M. Sebastiani, and F. Evangelis
Phys. Rev. B55, 9904~1997!; J.M. Essick, Z. Nobel, Y.M. Li,
and M.S. Bennett,ibid. 54, 4885 ~1996!; A. Fantoni, Y. Vi-
granenko, M. Fernandes, R. Schwarz, and M. Vieira, Thin So
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librium calculated density of the amorphous region
varying with the H content with a trend similar to the expe
mental data.~iv! Using the two different methods for th
generation of the interface, we are able to obtain both a ju
tion with a trend to amorphization of thec-Si region~due to
the high atomic diffusion during the annealing after the jun
tion in method A! and a junction with a trend to
recrystallization23,24 of the a-Si:H region.

In conclusion, we have obtained some atomic-scale m
els of c-Si/a-Si:H interfaces for different H contents. Th
two different trends~amorphization, recrystallization! ob-
served in the interface regions in the samples generated
different procedures, are indications of the variety and co
plexity of the processes present in the real samples: th
fore, it is fair to conclude that our numerical samples a
representative of realistic cases and can constitute a reli
input for a further study of the interface electronic properti
Presentc-Si/a-Si:H atomistic models are available for fu
ther investigation upon request.
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