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amorphous silicon (a-Si:H) and related materials
can be grown in ultra-thin coherent Tlayers only

both in the
1

2

a few interatomic distances thick,
form of multilayered superlattice structures
double

led to the observation of

and in individual heterostructures.
This discovery has
quantum size effects in amorphous semiconductors
and holds promise for a variety of interesting
scientific and technological applications for a
The
electronic properties of the interfaces between
the

the most

new class of "ordered" amorphous materials.

individual amorphous layers will be one of

important factors in determining the
value of amorphous semiconductor superlattice

materials in electronic and electrooptic

applications. In this paper we discuss what can
be
experiments about the nature of the
a-S1:H/a-SiN, :H
superlattice structures.

learned from recent transport and optical
interface
states in (silicon nitride)

The superlattice materials were prepared by
plasma assisted CVD at 220°C from pure silane
1:5  SiHg/NHg
earlier.? The

and mixtures, as discussed

individual layers were obtained
of the reactive

without

by changing the composition
gases the
terminating the plasma.

in deposition chamber
The gas exchange time,

calculated from the pressure {30mT), flow rate
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The density of electronically active defect states has been determined 1in
amorphous semiconductor superlattice structures consisting of alternating layers of
a-5i:H and a-SiNy:H. Results obtained from dark conductivity, photoconductivity
spectral response, electroabsorption and photoluminescence are discussed.
1. Introduction (100sccm) and volume of the deposition chamber,
It has recently been discovered that was about 1s, which 1is short compared with the

In
learned

time required to grow a monolayer (3-5s).
this
about gap states associated with the a-SiN,:H
layers
(PC),

lTuminescence

paper we describe what has been

from conductivity, photoconductivity
(EA)

(PL) measurements on a series of

electroabsorption and photo-
a-Si:H/a-SiNy:H superlattice materials where the
thickness Ly of the nitride layer was held fixed
at 35A and the silicon layer was varied from Lg
= 8A to 1200A.

2. Conductivity

The in-plane resistivity of films deposited

on quartz substrates is shown in Fig. 1 as a
function of the total number a-Si:H sublayers M
in the film,

of Ls.

for a variety of different values
For a given value of Lg the resistivity
decreases as the films become thicker (large M)
to such an extent that the thick films are much
more conductive (~ 103 fcm) than bulk a-Si:H
films the same
(~1089cm) or even bulk a-Si:H films contaminated

prepared under conditions

with 5% NHq in  SiHy (~1099cm). The high
conductivity of the thick layered films is due
to a transfer doping effect 1in which the
a-SiN,:H layers or their interfaces pin the
Fermi Tlevel <close to the a-Si:H conduction
band.?

The decrease in resistivity with increasing
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Fig. 1. In-plane resistivity as a function
of the number of superlattice periods.
The experimental points are for Lg =
1200A (%7), 400A (r3), 160A (i1), 80A (%)
and 40A (a).
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Fig. 3. Excess absorption at 1.1 eV as a

function of the number of layers per
unit thickness of the film.

532

T I T ‘ T I T T I
10%- O Transfer Doped /8'
® Undoped
= 10 P Doped
102 -
'E
o
1 =
z 10 . ﬁ ®
@
YA 4
@
/8 @ \
1 | %’ \.\‘., .\ / |
1071 N N L P T |
R d 9 1.1 1.3 1.5 1.7
Energy (eV)

Fig. 2. Optical absorption spectra determined
by photoconductivity for a layered film
with L = 1200A and Ly = 35A compared
with spectra for P doped and intrinsic
a-Si:H films prepared under the same
conditions.

5 T

e V,.=16V HIE f

ab \.\'ac— 3 0 x
3
<1
4

Ve (V)

Fig. 4. Electroabsorption signal for a

sample with Lg = 20A and Ly = 35A
and a photon energy of ].9% eV. The
inset is an expanded version of the
horizontal intercept.




number of layers is due to a band-bending
effect. In the simplest model of the band-
bending, all of the charge in the depletion

layer resides in the nitride or at the a-Si:H -
a-SiN, :H This
consistent with the observed Fermi level pinning

interface. assumption s

by the nitride. If the screening charge is

uniformly distributed in energy, then the
conductivity is given by,4
& ed mL £
P G o] N N
M) =2 B expl- 7 oxp(- = Ly 22 L))
(1)

where Xy = NZy/eNy and Ny Ly is the total

screening charge per unit energy from each

nitride layer. The solid lines in Fig. 1 are a
best fit of Eq. (1) to the data with a band-
bending %, at the substrate interface of leV, N
= 7.5, f5 =12, o, = 10% (icm)~1 and LyNyy =

2 x 1011 2 gy-1,

3. Photoconductivity Spectral Response
The transfer doping produces material with
lower defect densities than substitutionally

doped material with comparable resistivity as is
illustrated in Fig. 2. 1In this figure we show
the photoconductivity (PC) response spectra for
a homogeneous undoped a-Si:H film with resis-
tivity ~103:cm, a transfer doped film with Lg =
1200A and resitivity ~103ﬁcm, and a P doped film
The PC spectral

response at low photon energies, associated with

also with resitivity ~10%cm,

defect states, is much smaller in the layered

material than in the P doped material. The PC
data was found to be consistent with
photothermal deflection results.

Nevertheless the Tlayered materials does
have more defect state absorption than bulk
a-Si:H prepared under the same conditions. This

excess absorption is proportional to the number
of a-SiN;:H layers as 1illustrated in Fig. 3.
The Tine through the data in Fig. 3 corresponds
to 1.4 x 101! states/cmz/eV/interface based on

an assumed optical absorption crossection of
1016 ¢m2,
4. Electroabsorption

Another quantity of interest, namely the
net charge on the interfaces, can be measured by
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the This

(EA)
technique makes use of the fact that an electric
light beam to be
to the square of the

electroabsorption technique.
field causes a transmitted
attenuated, proportional
applied field E = D/ as follows:

A= gd L(x) K Dz(x)dx (2)
0

where K is an electro-optic coefficient, and

A(x) is the zero field absorption coefficient.

The field inside the material contains
contributions from the internal charge
distribution plus an externally applied

potential which has a d.c. component Vqc and an
the
wavelength region where the a-SiNytH layer is

oscillatory component Vic cos +t, In

transparent and the a-Si:H absorbing, the EA
signal at the frequency w is proportional to:

LN 55) -1:|
I:s EN

Vie Mo - vy (14 (3)
for a sample with M a-Si:H layers, each with a
built-in potential across it of L

An
function of Vge with Vae @s @ parameter is shown
The 36 V intercept is the built-in
which

explained by Schottky barrier formation.

experimental EA signal plotted as a
in Fig. 4.

potential; is clearly too large to be
From
the data in Fig. 4, the sample thickness (1am),
(20A)
infer that the built-in potential per layer s
is 0.05ev, The

consistent with this

and the a-Si:H layer thickness one can

simplest charge distribution

internal potential s a

positive charge of 2 x 1012 e]ectrons/cm2 at the
a-SiN,:H-on-a-Si:H interface and an equal
The

interfaces has been

negative charge on the opposite interface.
assymmetry between the two
attributed to strain-relieving defects analogous
to
heter‘ojunctions.5

misfit dislocations in crystalline

The silicon Tlayer thickness
dependence of the EA signal (not discussed here)

suggests that the charge distribution is more

complex and that it extends into the a-Si:H
1ayer.5 However, midgap states in the a-Si:H
layer, with the required density, are

inconsistent with the absorption data in Fig. 3,
an inconsistency which is not understood.




5. Photoluminescence

The photoluminescence (PL) efficiency is
to the of defect
In Fig. 5 we show the PL efficiency at

also sensitive density
states.
10K for five samples with different Lg and for a
bulk a-Si:H sample. The samples were deposited
on smooth substrates, which leads to lower PL
efficiency than rough substrates due to optical
confinement effects. The PL efficiency in Fig.
5 shows no systematic variation with Lg, and is
in the

materials than in the bulk a-Si:H.

197!

a factor of about 10 smaller layered
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Photoluminescence efficiency as a
function of a-Si:H layer thickness.
efficiency for a bulk a-Si:H film is
also shown.

Fig. 5.

The reduced PL efficiency in the layered
materjals is interpreted as evidence for
electronically active defect states at the

interfaces or in the a-SiN,:H layers accessible
by tunnelling. By analogy with the quenching
effect the PL in bulk
a—Si:H,6 we assume each defect state has a
non-radiative capture radius R = 70A.
<40A 5, the
process is two dimensional.

of dangling bonds on

Since Lg

in Fig. non-radiative capture
In this case the PL
is reduced by exp (-HRZNS) from the value it
would have in the absence of the defects, where
B
centers. Setting the last expression equal to
the PL
intensity in the layered material we find that
Ng = 1.5 x 1012 cm2,

6.

js the area density of the non-radiative

experimentally observed reduction in

Discussion

The state densities determined the

by
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various techrniques are summarized in Table I.

Table I: Interface State Densities Per Layer
Technique g PC EA PL
Density (1012ecm2) 0.2 0.3 4 1.5

The thickness dependence of the conductivity (o)
and the PC response spectra both give values
that are an order of magnitude smaller than the
other two techniques. Possible explanations are
as follows. The PC is only sensitive to states
while the bulk of the

states may actually be in the nitride.

in the silicon layers,
Secondly
the state density inferred from the conductivity
is ambiguous to the extent that the film may
have also a depletion layer at the free surface
in addition to the substrate interface, contrary
to the the This

modification of the model increase the

assumption in analysis.
would

inferred density of states by a factor of about

four and reduce the discrepancy with the EA
data. Another possibility is that the internal
fields are due to deep states close to the

valence band that are not affected by band-
bending.

The interface densities of states in Table
I can also be expressed as bulk densities in the
a-SiNy:H layer. The result (6 x 1017-1019cm'3)
is about the
density of gap states in silicon nitride.

consistent with what 1is known
How
the states are distributed between the bulk and
the not although the
asymmetry in the EA results show that

some modification of the density of states does

interfaces is clear,

inherent

occur at the interfaces.
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