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C. B.Roxlo and B.Abeles
Exxon Research and Engineering Company, Corporate Research-Science Laboratories, Ctinton Township,

Route 22 East, Annandale, ¹mJersey 08801
(Received 26 February 1986)

We report electroabsorption measurements on amorphous multilayer films made from alternating

layers of a-Si:H and a-SiO„:H or from a-Si:H and a-SiN„:H. We observe built-in electric fields (as

large as 4&105 V/cm) associated with an asymmetric charge distribution in the layers. This asym-

metry shows that the electrical properties of the interface depend strongly on the order of deposi-

tion. In the a-Si:H/a-SiO„:H system the data are well described by a conduction-band offset which

is greater when silicon is deposited onto oxide than when oxide is deposited onto silicon. The differ-

ence in offsets is 170 meV when the oxide is made from a mixture of SiH~ and N20 and 220 meV

when the oxide is formed entirely through the plasma oxidation of part of the underlaying a-Si:H

layer. The a-Si:H/a-SiN„:H multilayers have charges concentrated at defects near the silicon-on-

nitride interface. We also determine sublayer thicknesses from the refractive index. These data

show that the growth rate increases dramatically when the deposition gas is changed to include N20,
due to oxidation of the a-Si:H layer. Interruption of the plasma during the gas interchange prevents

the deposition of substoichiometric oxide and changes the film properties.

I. INTRODUCTION

Semiconductor interfaces are of critical importance in
electronic devices. Interface defects can degrade the per-
formance of solar cells, lasers, transistors, ' and photore-
ceptors, for example. Amorphous semiconductor mul-

tilayer or superlattice systems '" provide an opportunity to
study interfaces in amorphous materials due to the large
(y 100) number of interfaces; in fact, interfaces dominate
a number of the macroscopic properties of these systems.
Examples in the Si/SiN„system are high conductivity
parallel to the layers due to transfer doping and lumines-
cence efficiency limited by interface recombination
centers.

Interface-defect densities have been determined in these
materials using a number of spectroscopic techniques,
such as midgap optical absorption, electron-spin reso-

nance, luminescence efficiency, and conductivity.
These techniques give estimates for the interface defect
densities which vary from 10' to 10' cm . Hydrogen-
concentration measurements and infrared spectroscopy
show 10' cm extra hydrogen atoms at the interface.
We have shown previously' ' " that electroabsorption
spectroscopy can also be used to detect charged interface
defects. This is done by a measurement of the built-in
fields created by these defects. This technique is distinct
from others in two ways: It is sensitive only to charged
defects, and it measures the difference in charge between
two adjacent interfaces. In other words, only those inter-
face charges which depend upon the order of deposition
of the sublayers are observed. We observe built-in electric
fields of up to 4&10 V/cm, corresponding to an inter-
face charge density of at least 3 X 10' cm

In this paper we present results of electroabsorption
measurements of a-Si:H/a-SiN„:H and a-Si:H/a-SiO„:H

multilayers. We give details of the deposition technique
and layer-thickness measurements. We also describe the
effect of deposition conditions, such as interruption of the
plasma during gas exchange and different methods of ox-
ide deposition, on the electroabsorption effect.

In the a-Si:H/a-SiO„:H materials the charge distribu-
tion deduced from the electroabsorption measurements is
well described by an interface dipole model, or equivalent-

ly, a conduction-band mismatch which varies with order
of deposition and depends on the manner in which the ox-
ide layer was prepared. In the nitride multilayers the
charge distribution is well modeled by an exponentially
decreasing charge density at the interface formed when
the a-Si:H layer is deposited on a-SiN„:H. We attribute
this charge distribution to strain-relieving defects.

II. EXPERIMENTAL

A. Deposition techniques

The superlattice films were made by plasma-assisted
chemical-vapor deposition (PCVD) in a 13.6-MHz capaci-
tive reactor shown schematically in Fig. 1.' ' The gases
A and 8 were exchanged in the reactor by synchronously
opening and closing two pairs of valves. The ballast
pump made it possible to exchange the gases without in-
terrupting the flow. Pure SiH4 was used for the a-Si:H
layers and mixtures of S:1 NH3 to SiHz used for SiN„:H.
The a-SiO:H films were made either by PCVD using a
mixture of SO:1 NzO to SiH4 or by plasma oxidation (PO)
of the a-Si:H film with N20. The gases, at a flow rate of
SS SCCM (standard cubic centimeters per minute) and
pressures of 30 mTorr were exchanged in the reactor with
a time constant of 1 sec. The rf plasma could be turned
off during the gas-exchange time. This proved to be im-
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FIG. 1. Plasma CVD system for growth of multilayers
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portant in the case of the silicon —silicon oxide multilayers
where a relatively silicon-rich oxide layer grows rapidly
during the time when the SiHz to HzO gas ratio changes.
The substrates were held at 240'C on the anode (grounded
electrode) of the reactor. Polished c-Si substrates were
used for the infrared measurements, Suprasil quartz for
optical measurements, and indium-tin oxide coated glass
for electroabsorption samples.

B. Sublayer thickness determination

The thicknesses of the sublayers in the case of the
a-Si:H/a-SiN„:H multilayers were determined from the
duration of the gas flows and the deposition rates, which
were measured separately on thick a-Si:H and a-SiN„:H
films. This procedure could not be used in the case of the
a-Si:H/a-SiO„:H multilayers because plasma oxidation
contributed significantly to the growth of the oxide film
in the initial stages of growth. Therefore, we resorted to
measurements of the optical index n of the multilayers to
determine the thicknesses of the a-Si:H and a-SiO, :H
layers using the effective-medium relation

n = (n, L, +n, LO)/(L, +L, ),
where n„n, and I, and L, are the optical indices and
thicknesses of the a-Si:H and a-SiO„:H layers.

Figure 2 shows that the growth of the a-Si:H sublayer
is slow for short deposition times t, . This is because a
significant fraction of the a-Si:H film is oxidized in the
initial stages of the a-SiO„:H deposition. From the inter-
cept of the straight-line extrapolation of the growth curve
in Fig. 2 we estimate about 10 A of a-Si:H is consumed.
The oxidation of the a-Si:H film manifests itself as an ini-
tial steep rise in oxide thickness L, with deposition time
t, as shown in Fig. 3 for the a-SiO„:H layers given by
PCVD. (The fast initial growth of the oxide layer on
a-Si:H has been observed directly by in situ optical reflec-
tivity measurements. '

) The thickness of the oxide layer
formed by oxidation of the underlaying a-Si:H layer is
given by the intercept of the linear extrapolation (dashed
line in Fig. 3) of the PCVD growth curve and by the sa-
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FIG. 2. Silicon sublayer thickness I., vs deposition time t,
for PCVD Si/SiO„ films.
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FIG. 3. Oxide sublayer thickness I., vs oxide deposition time
t, for Si/SiO„multilayer systems. The two curves are for ox-
ides created in SiH~/N2O plasmas 4,'PCVD) and N2O alone (PO).

turation value of the PO growth curve in Fig. 3. Both of
these values are 17 A.

To determine the atomic composition of the a-Si:H,
a-SiN, :H, a-SiO, :H films and of the multilayers we mea-
sured the Si, N, and 0 concentrations by Rutherford
backscattering and used X' nuclear resonant reaction to
determine the H concentration. The compositions of the
bulk films were SiHO i3, SiNi 05HO 45, and SiOi s5HO O9. In
the case of the multilayers, we measured average composi-
tions because the intrinsic depth resolution of these tech-
niques was insufficient to resolve the variation in x and
CH with a depth scale &200 A. The average composi-
tions (Si, N, and 0) of the multilayer films agreed with
those calculated from the compositions measured on the
thick films and the sublayer thicknesses. The multilayers
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had extra hydrogen concentrated at the interfaces. De-
tailed measurements of the nitride system showed
—10 cm extra hydrogen atoms at the interface
formed when a-Si:H is deposited onto a-SiN„:H.

C. Electroabsorption spectroscopy

The electroabsorption technique consists of monitoring
the change in optical transmission near the band-gap ener-

gy due to an electric field applied perpendicular to the
layers. In crystalline semiconductors' the band gap is ob-
served to shift to lower energies with increasing fields.
This effect, referred to as the Franz-Keldysh effect, ' can
be attributed to tunneling of carriers into the forbidden
gap, where they can absorb photons of energy less then
the zero-field gap. In amorphous semiconductors, the sit-
uation is theoretically less clear. ' ' The electroabsorp-
tion signal is observed to peak very close to the Tauc opti-
cal gap, and it decreases proportionally to the absorption
coefficient at lower energies. ' This general behavior
has been seen in a wide number of amorphous semicon-
ductors, including a-Si:H (Refs. 21—23) and was observed
on all the materials studied here.

In the present experiments we will use electroabsorption
to determine built-in electric fields rather than spectro-
scopic information about the energy bands. This tech-
nique has been used by Nanomura and co-workers ' to
determine built-in potentials in amorphous silicon solar
cells. The technique relies on the fact that the electroab-
sorption signal is proportional to the square of the electric
field. The first harmonic signal then vanishes if an ap-
plied dc field cancels out the internal fields, yielding an
accurate measure of the built-in potential.

In our apparatus the light from a 1-kW xenon lamp
was dispersed in a —„'-m monochromator. It was filtered
both spatially and with color filters before being focused
to a 2-mm spot on the sample. The transmitted light was
refiltered before detection with a silicon photodiode. The
sample was biased with a 1-kHz sine wave in series with a
computer-controlled dc voltage generator. The signal at
either the first or second harmonic of the applied voltage
was detected using a lock-in amplifier.

The samples were deposited onto substrates coated with
indium-tin oxide and a thin (200 A) layer of a-Si:H
doped with 1 at.% P. This provided an ohmic contact to
the silicon sublayer which was the sublayer deposited
first. The superlattice films were in the thickness range
between 0.1 and 3 pm, but usually near 1.0 pm. Semi-
transparent palladium or platinum dots 2 mm in diameter
were used as the top contact. This configuration on an
unlayered a-Si:H film had a contact potential of 0.5 V,
much less than the built-in potentials measured on the
layered films.

It is very important for the analysis of the electrical
data that the applied voltages, particularly the ac voltage,
be uniformly dropped across the sample. This is expected
from the known properties of the superlattice. The
10' 0 cm resistivities observed' yield a dielectric relaxa-
tion time of =1 sec, while our modulation frequency was
1 kHz or higher. The depletion width ' of bulk a-Si:H
is known to be several thousand angstroms, greater than
the thickest silicon sublayers used here.

where x is distance normal to the layers, and d is the sam-
ple thickness. %e will assume that the dielectric constant
e in each sublayer is equal to that of an unlayered film:
e, =12t.o in the silicon sublayers and e; in the insulator
sublayers (e; =7.5eo for SiN„and E; =4' in SiO„). The
film is made up of X layer pairs, with silicon and insula-
tor sublayers of thicknesses L, and L;, respectively. We
have

' —1

Vpp I, I.;
DRpp ~ +

independent of x. This has both dc and ac components

D,pp
——Dd, +D„cos(cot), (2)

where m is the modulation frequency.
The total local field is made up of both applied and

built-in fields

D(x) =D,pp+Dai(x), (3)

where the built-in field Dai depends on x due to local
charges. The materials considered here are amorphous
and therefore locally isotropic. In this case, symmetry re-
quires that the local change in absorption coefficient de-
pends (in lowest order) only on the square of the field

ba(x)=ao(x)K(x)D (x), (4)

where ao is the zero-field absorption coefficient, and K is
the electro-optic coefficient. Any terms of ha which are
linear in D are not allowed due to the reflection symmetry
of an amorphous material. Of course, as we will show,
this is not true for the superlattice as a whole due to the
asymmetry between the interfaces. This asymmetry is re-
flected in the spatial dependence of the built-in field
Dai(x).

From the above equations, we find that

&a(x) =ao(x)K(x)[D„,+D„cos(cot)+D,(x) j . (5)

This expression can be separated into terms in the zeroth,
first, and second harmonics of cos(cot). In a previous pa-
per, we showed that the measured ratio between the first

We have confirmed uniform fields in several ways.
First, a large number of samples were analyzed when
cooled to less than 50 K. At this temperature virtually all
charges are frozen in place, unable to react to the applied
fields and change the field distribution. Secondly, the ac
frequency was varied between 100 Hz and 100 kHz with
the sample at room temperature. The measured built-in
potentials were changed by less than 10% by these
methods, indicating that moving charges did not signifi-
cantly distort the fields or affect the electroabsorption.
Measurements were also made with the dc voltage applied
as a 3-msec pulse. Again there was no change, indicating
the dc and ac fields are uniform throughout the film.

In this case we can make use of the boundary condition
that the applied electric displacement D =eE is constant.
The field is related to the applied voltage by

dav=f—
0
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and second harmonic terms agrees with that predicted by
(5) within 5%. For the purposes of this paper we will re-

quire only the first harmonic expansion; it is

ba (x)=2a, (x)K(x)[DBi(x)+D4,]D„,
where we have suppressed the cos(cot) time dependence.

The net change in transmission is equal to an average

over the sample thickness:

1 d
b,a =—j b,a (x)dx .

4.0

1 1
r s r g

(
s

In order to evaluate the contributions of the different sub-

layers to ha, we must know their optic and electro-optic
properties, a(x) and K(x). Electroabsorption measure-

ments taken as a function of energy in SijSiN„mul-
tilayers have shown that the optical band gap changes
abruptly at the interface, changing by more than 0.6 eV in
the first 3 A. 'o A wide number of techniques have shown
that the interfaces are abrupt within 5 A, including Ra-
man scattering, electron microscopy, ' and x-ray dif-
fraction. ' Based on this data we assume that tz and K
are constant inside each sublayer and shift abruptly at the
interface. We therefore take a(x)=a, and K(x)=K, in
the silicon sublayer and similarly u; and It'; in the barrier
region.

The experiments in this paper were done at photon en-
ergies of roughly 2 eV, near the band gap of a-Si:H. Both
a-SiN„:H and a-SiO„:H have band gaps greater than 3.5
eV, and their absorption coefficients at 2 eV are less than
100 cm '. Therefore, any absorption in the barrier re-
gions is negligible (a; =0) and only the silicon sublayers
need be considered. Assuming that the built-in fields in
each silicon sublayer are identical, (7) reduces to an in-
tegral over a single sublayer,

2a, K,Nba„= [DBi(x)+D4,]D„dx
d

2z, ECgA
D„Ds,L, + DM(x)dx

0

I Dai(x)dx .
S

(9)

Here a positive P, refers to an electric field which points
away from the substrate. The electroabsorption signal (8)
can be expressed in terms of the applied and built-in volt-
ages using (1):

ba„- V„. P, —
iV

I;g,
1+L,e;

h,o; —V„[Vsi —Vg, ],

VBi=N 1+ J,g;
(12)

This can be easily expressed in terms of the built-in poten-
tial across a single silicon sublayer,
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FIG. 4. Electroabsorption measurements for (a) a Si/SiN„
multilayer with L, =39 A, L~ ——46 A and X =125; (b) a PCVD
Si/SiO„multilayer with L, =L, =50 A and N =110. ha is
plotted vs V~, for three values of V,, The straight lines are in-

dividually fit to each set of points and intersect the x axis at
~~ =~Bi

Although P, is an important parameter for characteriz-
ing multilayer device structures, the interface charge and
its spatial distribution are more interesting from a physi-
cal point of view. In order to derive the charge distribu-
tion, it is necessary to measure a number of superlattices
and compare the dependence of P, upon the sublayer
thicknesses. This technique relies on the assumption that
the interface charge distribution does not change when the
sublayer thickness is varied, or at least that it changes in a
way that can be included in the model. This assumption
cannot be expected to hold when the interfaces are so
close together thai the interface charges overlap. %'e con-
servatively estimate this limit to fall around sublayer
thicknesses of 10—20 A. Above that, the analysis should
be valid in the absence of gross changes such as Fermi-
level shifts.

is the external voltage which must be applied in order to
cancel out the built-in fields in the silicon sublayers.

This simple algebraic expression is obeyed quite accu-
rately in practice. Figure 4 shows the Aa observed in
two samples as a function of V~, and V„. The linear re-
lationship (11) is obeyed within experimental error (1%).
The intercept with the horizontal axis of the straight-line
fits gives an accurate measure of VBi, from which we can
easily calculate the single-layer potential P, using Eq. (12).
Note in Fig. 4 that the built-in potential in the nitride
multilayers ($, )0) is opposite to that in the oxides
(P, (0).

III. MODEL CHARGE DISTRIBUTIONS
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DM(x)=e J p(x)dx . (14)

One additional boundary condition is needed to determine
Dai(x), and this condition is imposed by the external con-
tacts. In the absence of an apphed voltage, the potential
drop across the entire sample (or equivalently across a
layer pair) is zero,

L, +L;DM X
dx =0. (15)

e(x)

A. Interface charge model

The simplest possible charge model is one in which a
positive charge at one interface is neutralized by an oppo-
site charge at the other interface. This distribution is
shown in Fig. 5(a). The actual distribution is

In this section we derive the P, dependence expected
from two charge distributions, a simple interface charge,
and an interface dipole. Later we will show that the
a-Si/a-SiO„system fits the interface-dipole model quite
well. The nitride system is relatively complex but appears
to be best fit by a more complicated model which will be
described later.

First there are general considerations which any distri-
bution must meet. All the sublayers are identical, so that
the net-charge distribution p(x) is periodic in x with
periodicity L, +L;. Charge neutrality must be obeyed, so
that

I. +I,
px dx=O.

The built-in fields are then determined from

o eL,L;
e,L;+e;L, (18)

For a given barrier thickness L;, this potential increases
monotonically with increasing L, until P, =oeL;/e; at
large L, .

In addition to being the simplest possible charge distri-
bution, this model yields the highest ((), for a given inter-
face charge density. In other words, the charge density cr

calculated from (18) represents an absolute lower limit on
the total charge present for an observed P, . In the sample
shown in Fig. 4(a), the surface charge is cr = 6&( 10" crn
on the surface where silicon is deposited onto silicon ni-
tride, and an equal and opposite charge on the opposite in-
terface. On other samples, this calculation yields surface
charges as high as 3X10' cm . The actual total charge
is probably even greater than this, because presumably not
all the charge is asymmetrically distributed as is indicated
by this model. A more detailed description of the charge
distribution in Si/SiN, multilayers is given in Sec. IV B.

p(x) =co [5(x)—5(x L—,)],
where o' is the interface charge density and 5(x) is the
Dirac 5 function. The field D is a constant in each region
and changes at the interfaces by the amount of the surface
charge cr. The field in the silicon sublayers is

D(0&x ~L, )=oem', L;/(c, L;+e;L, )

and the built-in potential is

Charge Oistribution Potential

Distance from Substrate X

FIG. 5. Generalized-model charge distributions for(a) interface charge model; I'b) interface dipole model.
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FIG. 6. Built-in potential P, vs 1ayer thicknesses for PCVD
Si/SiO„multilayers. The lines are a single parameter fit for all
four sets of data to the interface dipole model (Eq. 19) shown in

Fig. 5(b).

The dipole potential 1( is distributed between the two sub-

layers as between capacitors in series, with each sublayer
having a "capacitance" of e/I. For thic. k silicon sub-
layers the entire dipole potential is dropped across the sil-
icon sublayer and P, =P.

Because the effect of the interface dipole is a step in po-
tential, this charge distribution is eqivalent to a change in
the conduction-band-edge discontinuity. In other words,
the conduction-band-edge mismatch at the interface de-
pends upon the order of deposition.

8. Interface-dipole model

Another simple model is that of an interface electric di-
pole. Although such a charge would presumably exist at
both interfaces, only the difference in dipole strength is
observed in this experiment. For this reason, we assume
that the dipole is located at only one of the interfaces
[Fig. 5(b)]. We have located the dipole charge in the insu-
lator region. This is equivalent to having the dipole exact-
ly at the interface, because in both places it is located
where electroabsorption at photon energies near the sil-
icon band gap does not experience the field interior to the
dipole.

Consider an interface dipole of strength 5 (C/cm). This
charge produces a step in the potential of intensity
/=5/e;. This potential step is canceled out through the
layer pair by a constant field Do =P(e,e; )/I.,e; +I.;e„so
that the potential drop across the silicon sublayer is

L,e;

L i&s+Ls&~

IV. RESULTS

A. Si/SiO„

Figure 6 shows the built-in potentials obtained from a
large number of a-Si:H/a-SiO„:H multilayers with sil-

icon thicknesses varying from 8 to 220 A and oxides from
15 to 60 A. To avoid the deposition of a sub-

stoichiometric oxide the plasma was interrupted for 10 sec
during the gas interchange for all of these samples. It can
be seen that P, increases with increasing silicon thickness
and decreases for thicker oxides, as would be expected
from an interface dipole. The four curves in Fig. 6 are
the values predicted from Eq. (19). All four curves are
fitted with only one free parameter, that being the
interface-dipole potential of /=170 mV. The sublayer
thicknesses were those determined from the index of re-
fraction. The fit obtained is excellent, the only exception
being the somewhat lower than theoretical values obtained
on the 8-A-thick silicon samples. This could easily be due
to the finite thickness of the interfaces, which would
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tend to make the effective silicon thickness for electroab-
sorption thinner than that measured by the index of re-
fraction.

This result indicates that the oxide-on-silicon interface
has a 170-mV-greater conduction band discontinuity than
the silicon-on-oxide interface. The data indicate that this
interface dipole is located within 5 A of the interface. To
express this potential in terms of charges, assume two sur-
face charges o separated by t =5 A. In this case,
cr=ge;/et =7X10' cm, a large but not unreasonable
value.

compensating positive charge is. This would be expected
in the case where the charges reside in interfacial defects.
Effectively this is very similar to a dipole where the entire
dipole charge lies in the silicon; for large L, the potential
across the nitride layers is near zero while the silicon po-
tential has two opposing contributions. To quantify this
distribution, let the electron density in the silicon sublayer
be

tie =poexp( —x /I),
where x is distance from the silicon-on-nitride interface.
This charge is balanced by a positive interface charge at
that interface. This distribution is much like an interface
dipole for high L„with the positive and negative charges
separated by l. But for small L, the charge is quite simi-
lar to a positive interface charge balanced by a constant
electron density in the silicon. In this model, the total
charge density increases as L., increases up to L, =I. This
is reasonable in the Si/SiN„system where transfer doping
is known to be important.

In a previous paper' we showed that this distribution
gave a reasonable qualitative fit to the series of samples
shown in Fig. 7, where L~ ——27 A. In Fig. 8 we show
another series where the ratio between layer thicknesses is
kept constant, L, =0.85L&. These samples give more de-
tailed information about the charge distribution in the ni-
tride. This data is well explained by the model above for

0

Ltv (40 A, but for greater nitride thicknesses the ob-
served potential is much less. This is due to the fact that
the positive charge is distributed throughout the nitride
sublayer; it can be explained by a distribution which has

pz ——7X10' cm charges distributed uniformly through
the layer. The remaining positive charge required to bal-
ance the electrons in the silicon layer is located at the in-
terface. This charge distribution is shown as the inset in
Fig. 8. Electrostatic calculations similar to those in Sec.
III above give the potential expected from this model as

p, lL,L~e ' '+p, l Ltr(e ' '—1) 2p~LtIL, —
Ls~x+Lx~s

This fit is shown as the solid curves in Figs. 7 and 8. The
parameters used are po ——3X10' cm and I =20 A, as in
Ref. 10, and ptr ——7 X 10' cm . While this model cannot
be claimed to be unique, the qualitative fit to the data is
good. Both sample sets peak at sublayer thicknesses near
100 A decreasing to both sides. %e also observe that the
L, =220 A, L&. ——260 A sample has negative P„ in agree-
ment with the model.

In the case of the a-Si:H/a-SiN„:H superlattices the
situation is not so simple. The results we have obtained'
with a nitride thickness of 27 A and silicon thicknesses
between 8 and 1200 A are shown in Fig. 7. The two dot-
ted lines are the dependences expected from the interface
charge model and the interface dipole model with the
"best fit" parameters shown. It can be seen that neither
of these two idealized charge distributions fits the data
even qualitatively, because they do not predict the de-
crease in P, to near zero at large layer thicknesses.

This decrease can be explained by electrons distributed
through the silicon sublayer near the interface where the

V. EFFECT OF DEPOSITION CONDITIONS

Interrupting the plasma during the interchange of gases
prevents the contamination of the film by off-
stoichiometry material deposited during the gas inter-
change. This is very important in the case of the
a-Si:H/a-SiO„:H multilayers. This is due to the strong
dependence of deposition rate on gas ratio; this rate is low
for a gas of pure silane (1.0 A/sec) or for our gas ratio of
50:1 NzO to SiH4 (0.8 A/sec). However, at intermediate
ratios the deposition rate is much higher, as much as
4 A/sec at 1:1 N20 to SiHz. This means that a film depo-
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sited with a continuous plasma will have several
angstroms of silicon-rich oxide deposited at each inter-
face, even with our gas interchange time of 1 sec. Such an
interface is expected to be graded from one side to the
other, and may be undesirable in the preparation of mul-
tilayer films with high-quality abrupt interfaces. Indeed,
we observed that oxide films prepared with a continuous
plasma had very small optical bandgap shifts. A film
with 12-A-thick silicon layers had a bandgap less than
0.05 eV greater than bulk a-Si:H, as opposed to the 0.3-
eV shift observed in the interrupted plasma.

No detectable deposition occurs within the 10 sec the
plasma is interrupted during the gas interchange. This
can be seen using in situ reflectivity. We have con-
firmed this by depositing a film which was exposed to
N20 between the deposition of layers of a-Si:H, without
plasma ignition during the oxide exposure. This film had
no appreciable oxide content, and was virtually indistin-
guishable from a bulk a-Si:H film. This shows that no
appreciable deposition occurs when the plasma is off, and
there is no contamination of the a-Si:H layer by desorbed
N20. As discussed above in Sec. IIB, an approximately
17-A-thick silicon oxide layer is formed within 15 seconds
after the plasma is turned on when the SiOi deposition be-
gins. If an NiO/SiH4 mixture is used, a-SiO„:H deposi-
tion continues onto this material. If only N&O is used in
the gas, the deposition stops at this point.

The plasma-oxidized films are observed to have a
higher band edge discontinuity than the-equivalent films
grown by CVD (220 versus 170 mV). This reflects an
even stronger asymmetry between the interfaces in the
plasma oxidized films. Essentially these materials have
one interface which is created through the oxidation of al-
ready existing a-Si:H, whereas the opposite interface is
a-Si:H grown onto an oxide substrate. It is perhaps not
surprising that in this case the two interfaces have dif-
ferent properties.

In the case of the silicon —silicon nitride multilayers, no
difference ( & 10%) was observed in the built-in potential
between films which had the plasma interrupted or con-
tinuous between layers. Also photothermal deflection
spectroscopy measurements of the density and absorption
spectra of subband-gap defects showed that the films were
identical within experimental error. In the case where the
plasma was interrupted, a 10-sec period was allowed for
the gases to change. Because the gas-holding time in this
reactor was less than 1 sec, this is ample time for the re-
moval of all ammonia from the gas phase. The similarity
between this sample and one with continuous plasma
deposition shows that nitrogen contamination of the sil-
icon layers is unimportant.

VI. DISCUSSION
In this laboratory we have prepared amorphous mul-

tilayers out of a-Si:H alternating with four different ma-
terials: a-Siw„:H, a-SiQ„:H, a-SiC:H, and a-Ge:H. It is
of interest to rank these systems in order of interface de-
fect density. In the germanium and carbide multilayers,
only a few samples have been tested so that it is not possi-
ble to model the thickness dependence. For this reason we
compare different systems on the basis of interface charge

density, as described in Sec. IIIA above. As we showed
above, this is not the best description of the
a-Si:H/a-SiO:H system, but can be used roughly for
comparison purposes as long as we compare samples of
similar (-20 A) thicknesses. In the nitrides this charge
was as high as o =3)&10' cm . In the oxides the fields
were of opposite sign with 0- —3X10" cm for depo-
sited oxides and o ——10' cm for plasma-oxidized ma-
terial.

The three carbide multilayers measured had interface
charges in the range o=(7—9)X10"cm . The ger-
manium samples, on the other hand, had no detectable
built-in fields. These samples were somewhat harder to
measure due to the lack of insulating layers, leading to
much lower breakdown fields. However, experiments done
at T =20 K showed that P, g 5 meV, or

i p i
g2X10" cm

This rough comparison is consistent with the defect
densities measured by other techniques. It is also in line
with the degree of structural mismatch at the interface
and the ability of the lattice to accommodate such
mismatch. The silicon-germanium multilayers have been
shown to have relatively defect-free interfaces by lumines-
cence and transport measurements. Relatively speak-
ing, silicon and germanium bulk lattices are very well
matched both in terms of lattice constant and structure.
The lattice constant is less well matched for the silicon
carbide, and severly mismatched for silicon nitride. (The
oxides will be treated separately below. ) In fact, the sil-
icon and silicon nitride lattices are so different both in

structural type and interatomic spacing that it is difficult
to imagine a well-constructed interface between the two of
them. This is consistent with observations on the mul-
tilayer systems. Raman measurements ' show a high
level of interfacial disorder. Defects at the interfaces are
passivated by 10' cm hydrogen atoms at the interface.
This hydrogen distribution peaks in the first monolayer
and extends 19 A into the a -Si:H layer. The
silicon —silicon nitride superlattices are also transfer
doped, indicating that many of these defects are charged.
In fact, the charged defect density we observed in electro-
absorption of 6X10' cm (assuming all charges are at
one interface) is still less than 1% of the excess hydrogen
at that interface. Thus, almost all of the interface defects
are passivated by hydrogen, as is true for bulk "dangling
bond" defects in a-Si:H. Interface defects caused by lat-
tice mismatch would be expected to depend strongly on
the order of deposition, ' as is observed in the electroab-
sorption experiments.

The sign of the built-in fields, in combination with the
sign of the charges as measured in transfer doping, indi-
cates that the charges are concentrated at the interface
where silicon is deposited onto silicon nitride. This inter-
face has also been shown to have a greater hydrogen inter-
facial concentration by photoemission. This determina-
tion of greater defect density at the silicon-on-nitride in-
terface in the multilayer system is opposite to measure-
ments on single interfaces, pointing out the iinportance
of deposition conditions on interfacial properties.

Although the silicon —silicon oxide interface also has a
large degree of lattice mismatch, the oxide is more able to
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accommodate strain by bond-angle fluctuations than ni-

trides. This is evidenced by the very high electronic quali-

ty interfaces produced by thermal oxidation of crystalline
silicon. The oxides also differ from the nitride system in
that the oxide plasma can oxidize a silicon layer; this pro-
cess is much slower for the nitrides. This introduces an
interface asymmetry which is not present in the Si/SiN,
multilayers: one interface is a deposited one (silicon on
oxide) while the other is an oxidized one (oxide on silicon}.
The fact that the interface properties observed depend
very strongly on deposition parameters show that this
asymmetry is responsible for a large part of the built-in
potentials observed. The deposited interface probably
differs from the oxidized one in several respects, such as
stoichiometry and abruptness. Gur results show that they
also substantially differ in the conduction band mismatch.
This asymmetry dominates any simple interface charges
in the electroabsorption measurement.

In situ reflectivity measurements have shown that
these interfaces are rough, with —10 A roughness on a
transverse scale length of -100 A. Note that this devia-
tion from flatness does not preclude the interface being
abrupt. The connection between this roughness and the
interface charges described in this paper is uncertain at

present. In any case, the roughness is too small to have a
large effect on the built-in fields or our measurements of
the interface defects.

VII. CONCLUSIONS

%'e have used electroabsorption spectroscopy to mea-
sure built-in electric fields in amorphous multilayer sys-
tems. In the silicon —silicon oxide system these fields can
be accurately modeled by an asymmetric conduction band
offset. The conduction band discontinuity is 170 meV
greater when oxide is deposited onto silicon than in
silicon-on-oxide interfaces. The silicon —silicon nitride
system has large fields caused by charged interface de-
fects. These charges are associated with the transfer-
doping process and are asymmetric due to the presence of
substantial lattice mismatch.

Electroabsorption complements other spectroscopic
techniques in that it measures charged defects which are
asymmetrically positioned. In superlattice systems the
electroabsorption technique is very sensitive due to the
large number of interfaces. These materials provide a
convenient means for studying interfaces between a large
number of semiconductors and insulators.
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