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Band discontinuities at heterojunctions between crystalline
and amorphous silicon
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We present a theoretical investigation of the band lineups between crystalline and amorpho
silicon, based on the first-principles pseudopotential method and the model-solid theory. We fin
that the offsets are very sensitive to the hydrogen content of the material; the valence-band offset
a junction with unhydrogenateda-Si is 20.25 eV, while for hydrogenateda-Si with a hydrogen
content of 11% the offset becomes 0.20 eV. Consequences for the interpretation of experimental d
are discussed. ©1995 American Vacuum Society.
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I. INTRODUCTION

Heterojunctions between amorphous silicon (a-Si! and
crystalline silicon (c-Si! can be used to improve the perfo
mance of solar cells1 and of heterojunction bipola
transistors.2 In addition, they enable the study of th
amorphous/crystalline interface, and may provide more
formation about density of states and other electronic
structural properties ofa-Si. One of the key properties of th
heterojunction, namely the band lineup at thea-Si/c-Si inter-
face, has been a subject of controversy. For interfaces
tweenc-Si and hydrogenateda-Si (a-Si:H! experimental re-
sults range from zero offset in the valence band3 to zero
offset in the conduction band,4 with many values in between
those extremes.5–9

We have performed a theoretical investigation of the ba
discontinuities at interfaces between crystalline and am
phous silicon, based on first-principles calculations for
electronic structure ofa-Si and c-Si, and the model-solid
theory.10 The theoretical approach is discussed in Sec. II.
have applied the approach to unhydrogenateda-Si as well as
to hydrogenated material (a-Si:H!; the difference between
the two cases is sizeable. The results are reported in Sec
In Sec. IV we discuss the dependence on hydrogen con
and address the effect of the density of the amorphous
terial on the resulting band lineups. Consequences for
interpretation of experimental results are discussed.

II. THEORETICAL APPROACH

The band discontinuities between two semiconductors
determined by the lineup of electrostatic potentials across
interface. The energetic positions of the valence-band m
mum and conduction-band minimum in each individu
semiconductor can be obtained from band-structure calc
tions for the bulk material. Obtaining band discontinuities
principle requires a calculation in which the two materia
are explicitly included, joined by an interface; such a calc
lation ~e.g., for a superlattice! then allows tracking the po
tential variation across the interface, which determines
band lineups. Calculations of this type are described, e.g
Ref. 11.
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In this article we address the band lineups between cr
talline Si on one side, and amorphous Si on the other si
Because of the lack of long-range order, the electronic pr
erties ofa-Si are much harder to address with first-principle
calculations than those of crystalline semiconductors. No
theless, it is possible to model the amorphous structure i
large supercell, which is then periodically repeated. Wh
this approach allows one to obtain information on the ele
tronic structure~valence- and conduction-band energies! of
the bulk material, the large size of the supercell required
model an interface betweena-Si andc-Si makes it prohibi-
tive to carry out the type of superlattice calculation conve
tionally used to determine the potential lineup.

Fortunately, model theories have been developed wh
obviate the need for a superlattice calculation to determ
the potential lineup, and instead rely only on properties
the individual bulk materials. The underlying assumption
that no interface-specific dipoles occur—an assumpt
which has been shown to be justified in the case of non-po
interfaces between isovalent materials.10 The model solid
theory, which we will apply here, uses an approximate ele
trostatic potential obtained by modeling the solid as a sup
position of neutral atoms.10 This approach has been quit
successful for predicting band offsets at a wide variety
semiconductor interfaces.10

The model-solid approach was previously applied only
crystalline semiconductors with perfect tetrahedral coordin
tion. In this work, we extend the application in two way
First, to an amorphous network, in which the tetrahedral c
ordination is maintained~but the long-range order is lost!; by
nature of the model-solid approach~superposition of neutral
atomic charge densities! one would expect the method to
continue to work well. Second, to the case of hydrogena
a-Si, in which the network is no longer fully tetrahedral i
nature, and an additional chemical component is introduc
The application of the model is moread hochere, and should
be checked in the future by comparing with full-fledged in
terface calculations. Such calculations, as indicated abo
are currently computationally too demanding.

The a-Si models were generated froml -Si phases based
on the Stillinger–Weber potential.12The models were initially
1635/13(4)/1635/4/$6.00 ©1995 American Vacuum Society
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thermalized at 300 K for 10 picoseconds and then quenc
by ab initio pseudopotential methods. Fifteen configuratio
were generated to average the valence-band maximum;
spread in the values obtained from the various configurati
was less than 0.1 eV. For thea-Si:H models, we took the
initial configurations of Guttman and Fong13 and then
quenched them by usingab initio pseudopotential methods
The ab initio pseudopotential approach is based on dens
functional theory in the local-density approximation,14 and
Troullier-Martins pseudopotentials.15 The plane-wave basis
set for the potentials and wave functions had a kinetic-ene
cutoff of 15 Ry. More details about the calculations for th
amorphous material can be found in Ref. 16.

The magnitudes of the valence- and conduction-band
sets should add up to the difference in band gaps between
two materials. Two definitions can be given for the band g
in a-Si: one is from mobility edge to mobility edge~optical
gap!, the other one is between the ends of the band ta
which should give a smaller gap. The type of experime
used to determine the band offsets~see Sec. IV! deals with
carriers placed at the mobility edge, and hence the opt
gap is the appropriate one to use. Our calculated band st
ture should also be associated with the optical gap, beca
the tail states arise from dangling bonds which are exclud
from the particular~continuous random network! a-Si mod-
els used here. Our calculated band gaps suffer, of cou
from the well-known underestimate of the band gap
density-functional theory. The band gap inc-Si is underesti-
mated by about 0.4 eV; applying this same correction to
~unhydrogenated! amorphous network, the calculated gap
close to 1.5 eV, in agreement with experiment.

III. RESULTS

The position of the valence band inc-Si ~at the experi-
mental lattice constant! on an ‘‘absolute’’ energy scale, de
rived with the model-solid procedure outlined above,
Ev526.98 eV; this value is within 0.05 eV of the valu
obtained previously~see Ref. 10! with a different pseudopo-
tential. This consistency check is reassuring; the differenc
within the error bar on the model-solid values. Furthermo
this small shift will not affect band-offset values derived co
sistently with one pseudopotential.

A. Unhydrogenated a-Si

We first address the band lineups betweenc-Si and unhy-
drogenateda-Si. The computer-generated amorphous
models do not include any point defects or voids. Within t
model-solid theory, the electrostatic potential lineup is det
mined solely by the difference in density between the cry
talline and amorphous materials, since the chemical com
sition of the two materials is the same. The difference
bonding betweenc-Si anda-Si has an effect on the position
of the valence and conduction bands as well, of course –
that effect is included entirely in the bulk calculations. As w
will discuss below, the density of amorphous Si is not acc
rately known~or may depend on the preparation condition!.
If we assume equal density for both materials, we obtain
valence-band offset ofDEv520.25 eV, with the valence
band higher ina-Si. We use a sign convention here where
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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DEv is positive if the valence band ofc-Si ~the smaller band-
gap material! lies above the valence band ofa-Si, andDEc is
positive if the conduction band ina-Si lies above the con-
duction band inc-Si. With this convention, the band-offse
values should add up to the difference in band gap, i
DEv1DEc5DEg .

B. Hydrogenated a-Si

Once again, we first assume equal density for both ma
rials. By nature of the model-solid approach, the avera
electrostatic potential in thea-Si:H material depends on the
hydrogen concentration. The hydrogen concentration in
a-Si:H computer model is;11%. For this system, we ob-
tain a valence-band offset of 0.20 eV~higher in c-Si!. The
band lineups for this case are illustrated in Fig. 1; experime
tal values for the band gaps are assumed. The effect of
drogen seems to be to lower the position of the valence-b
edge by about 0.04 eV for each % hydrogen in the syste
however, it is not clear to what extent this conclusion, bas
upon one 54-Si and 6-H atom supercell, can be generaliz

C. Effect of the density

If the density ofa-Si would differ fromc-Si, the position
of the valence band on the amorphous side would shift—
effect that can be accurately described by an absolute de
mation potential.17 The absolute deformation potential fo
the valence band,av , is defined as

av5
dEv

d ln V
~1!

whered ln V5dV/V is the fractional volume change unde
hydrostatic strain.

‘‘Absolute’’ refers to the fact that the energetic position o
the valence band is needed on an absolute energy scal
opposed to other deformation potentials which describe
motion of bandsrelative to each other; e.g., band-gap defo
mation potentials describe the motion of the conduction ba
with respect to the valence band. Absolute deformation p
tentials for semiconductors can be derived within the mod
solid theory.10 The model-solid value for the absolute defo

FIG. 1. Band offsets betweenc-Si and hydrogenateda-Si, based on
pseudopotential-density-functional calculations and the model-solid the
The results shown assume a hydrogen content of 11% in thea-Si:H, and a
density fora-Si:H equal to that ofc-Si. The sensitivity of the band offsets to
these parameters is discussed in the text.
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mation potential inc-Si is av52.46 eV. Our investigation
has indicated that this value remains virtually unchang
~within the error bar on the calculated value10! in the amor-
phous material~both unhydrogenated and hydrogenated!.

IV. DISCUSSION AND COMPARISON WITH
EXPERIMENT

The theoretical approach reveals the fact that, even w
out invoking interface-specific effects, the value of the off
is sensitive to the hydrogen concentration ina-Si:H. Some
uncertainty also arises because of the lack of informa
about the density ofa-Si~:H!. We will discuss experimenta
determinations of the band discontinuities in light of the
findings.

A. Comparison with experiment

To our knowledge, no experimental information is ava
able about the band offsets between unhydrogenateda-Si
and c-Si. Experimental dataare available, however, for
a-Si:H/c-Si heterojunctions.

Cuniot and Marfaing6 used internal photoemission to ob
tain the valence-band offsets at junctions formed by sput
ing deposition; they obtainedDEv,0.15 eV. Lequeux
and Cuniot3 investigated the spectral response
a-Si12xGex :H/c-Si junctions deposited by glow discharg
and concluded that forx50, DEv'0, andDEc.0.6 eV.
However, in 1991 the same group,8 using current-voltage and
photocurrent-voltage measurements, reported a smaller v
for DEc , namely 0.3960.04 eV.

Essick and Cohen4 applied voltage filling pulse measure
ments toa-Si:H/c-Si heterostructure Schottky diodes, grow
by plasma glow discharge, and obtained a nearly z
conduction-band offset (DEc50.0560.05 eV!. They also
observed the threshold for optical release of holes at
valence-band discontinuity, leading toDEv50.5860.02 eV.
Their measurements revealed an anomalously large de
density in a region within 350Å of the interface.

Matsuura et al.5 obtained DEc50.2060.07 eV from
capacitance-voltage measurements of glow-discha
a-Si:H/c-Si junctions. Mimura and Hatanaka7 measured the
band discontinuities by internal photoemission for glo
discharge a-Si:H/c-Si heterojunctions, and obtaine
DEv50.71 eV andDEc50.09 eV. They noted that the sum
of their DEv andDEc values exceeded the band-gap diffe
ence between theira-Si:H andc-Si.

Lucovsky and Wang,9 finally, have analyzed the dark con
ductivities and activation energies formc-Si to develop a
model for band alignment between Si crystallites and
intervening amorphous regions. They obtainDEv50.30 eV
andDEc50.25 eV.

Table I summarizes the experimental results discus
here, listing them in order of increasing magnitude of t
valence-band discontinuity. It is clear that the experimen
results display wide variations, ranging from very sm
valence-band offsets~Ref. 3! to very small conduction-band
offsets~Ref. 4!, with plenty of values in between. Since ban
offsets are notoriously hard to measure, experimental ina
racies probably play some role. However, it is likely th
preparation conditions of the amorphous material have a
JVST B - Microelectronics and Nanometer Structures
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stantial influence. The experimental papers cited here p
vide very little information about structural properties of th
amorphous material. We will now discuss two factors th
our theoretical analysis has highlighted as affecting the o
sets: density and hydrogen content.

B. Density of amorphous silicon

Our analysis has indicated a clear dependence on the d
sity of the amorphous material: the valence band ina-Si~:H!
moves up with decreasing density of the material. The de
sity of amorphous silicon does not seem to be accurate
known. A major cause of the uncertainty is the presence
voids in the material. Among the experimental determin
tions for unhydrogenated material, we consider the rece
results of Custeret al.18 to be most reliable. They have de
rived the density ofa-Si by measuring height differences
between alternating stripes ofa-Si andc-Si, where the amor-
phous regions are created by self-implantation. They fou
thata-Si is 1.8% less dense thanc-Si. Theoretical and com-
puter simulations of amorphous silicon have produced resu
for the density on either side ofc-Si. The networks in the
simulations do not include voids; this seems to be a factor
obtaining densities which exceed that ofc-Si. The continu-
ous random network in the simulations by Wooten an
Weaire,19 for instance, has a density 3%–4% higher thanc-Si.
For hydrogenateda-Si:H, the density of good-quality mate-
rial is usually lower thanc-Si ~values up to 6% lower have
been reported!.20,21

The effect of the density on the band offset can be illu
trated with the following examples. If the density of~unhy-
drogenated! a-Si is 1.8% lower than the density ofc-Si, then
Eq. ~1! allows us to calculate the shift in the valence band
avDV/V52.4630.01850.04 eV; i.e., thea-Si valence
band moves up by 0.04 eV, shifting the valence-band offs
to DEv520.29 eV. If, on the other hand, the density ofa-Si
would be 4%higherthan that ofc-Si, as indicated in Ref. 19,
thea-Si valence band would shiftdownby 0.10 eV, reducing
the valence-band offset toDEv520.15 eV. As an example
for hydrogenated material, if the density ofa-Si:H is as
much as 6% lower than forc-Si, the valence band would
shift by 2.4630.0650.15 eV, reducing the valence-band off
set to 0.05 eV.

It should be pointed out that, for the purposes of dete
mining the band lineups, only the density of the amorpho

TABLE I. Experimental values for band offsets between crystalline silico
and hydrogenated amorphous silicon.DEv is positive if the valence band of
c-Si lies above the valence band ofa-Si:H, andDEc is positive if the
conduction band ina-Si lies above the conduction band inc-Si. All values
are in eV.

DEv DEc

Lequeux and Cuniot~Ref. 3! ;0 ;0.6
Cuniot and Marfaing~Ref. 6! ,0.15 .0.45
Cuniot and Lequeux~Ref. 8! 0.20 0.39
Lucovsky and Wang~Ref. 9! 0.30 0.25
Matsuuraet al. ~Ref. 5! 0.20
Essick and Cohen~Ref. 4! 0.58 0.05
Mimura and Hatanaka~Ref. 7! 0.71 0.09
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material in a thin layer near the junction is relevant;
density in regions farther away will not influence the ba
offsets, although fluctuations in density will lead to var
tions in the local electrostatic potential. As pointed
above, the presence of voids tends to lower the density o
material—but this is a macroscopic effect. What we nee
know for the band-offset problem is the local density of
material near the junction, in regions which are void-free
would therefore be very interesting to have experimenta
formation about the density ofa-Si in void-free regions
Lacking specific numbers, we can still expect this densit
be higher than any of the experimental values, since a
those probably include some contribution from voids. It m
not even be unreasonable to speculate that the density oa-Si
in void-free regions ishigher than that ofc-Si ~cf. the theo-
retical results in Ref. 19!. The latter would have the effect o
lowering the valence band ina-Si compared toc-Si.

C. Hydrogen content of hydrogenated amorphous
silicon

We have found a clear dependence of the band offse
hydrogen content ofa-Si:H: the higher the hydrogen conten
the lower the valence band will lie in the amorphous ma
rial. Our result that the valence-band maximum in the hyd
genated material lies lower than in the unhydrogenated
terial ~by more than 0.4 eV! is consistent with the results o
Ley et al.,22 who found that the valence-band maximum
a-Si:H moved down in energy with increasing H concent
tion. The experiments of Leyet al.22 also revealed inhomo
geneities in the H concentration; they found a pronoun
enrichment in the first few atomic layers near the surfac
is conceivable that the H concentration near the inter
with c-Si also differs from its bulk value, leading to pertu
bations in the band-offset values.

We note that, in addition to the effects described h
which are all bulk-related, there may also be interfa
specific effects which influence the band offsets through
formation of interface dipoles. Lacking any informati
about the microscopic structure of the interface, we ref
from speculating about the existence or magnitude of s
dipoles. We think it is important to note, however, that ev
in the absence of interface-specific effects the details of
amorphous silicon structure~density and hydrogen conten!
can give rise to shifts in the offsets which are of suffici
magnitude to qualitatively explain the wide variation in t
experimental results.

V. SUMMARY

We have presented a theoretical study of band offsets
tween crystalline and amorphous silicon, based on
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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pseudopotential-density-functional method and the mod
solid theory. Assuming a density for the amorphous mater
equal to that ofc-Si, we find the valence-band offset for a
heterojunction betweenc-Si and unhydrogenateda-Si to be
20.25 eV ~the valence band ina-Si lying higher than in
c-Si!; for the valence-band offset betweenc-Si and hydroge-
nateda-Si with a H content of 11% we find a value of10.20
eV. The hydrogen content thus has a significant effect on t
valence-band position. In addition, changes in the density
the amorphous material affect the valence-band positi
through the deformation potential, for which we use th
valueav52.46 eV. We attribute the large scatter in exper
mental values to the dependence on density and hydro
content which is highlighted by the theoretical approach.
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