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We prepared, by plasma deposition and by alternating the plasma-gas mixture, multilayer films
consisting of sequential layers of hydrogenated amorphous silicon (a-Si:H) of thickness d; and insu-
lating amorphous silicon nitride (a-SiN,:H) of thickness d,. The thickness d, was held constant at
24 ;\, while d; was changed from 12 to 2120 A. Films with small d 1 had up to 180 layer pairs. The
conduction and optical properties of these multilayer films were studied as well as the gffect of pro-
longed light exposure (Staebler-Wronski effect). At large sublayer thickness d; > 100 A the proper-
ties are dominated by space-charge doping which raises the Fermi level in the a-Si:H layers and
leaves the nitride layers positively charged. At small sublayer thicknesses d; <50 A our observa-
tions are consistent with those of Abeles and Tiedje and their interpretation in terms of quantum-
well confinement of charge carriers in the thin semiconductor sheets sandwiched between large-
band-gap insulating layers. The properties of these multilayer films are compared with those of
a-SiN,:H alloys. These were prepared under the same plasma-decomposition conditions by chang-
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ing the plasma-gas composition ratio of NH; to SiH, from 0.02 to 10.

I. INTRODUCTION

Multilayer structures or superlattices consisting of al-
ternating layers of amorphous semiconductors should ex-
hibit many of the interesting properties of crystalline
semiconductor superlattices' ~* except of course those that
depend specifically on long carrier mean-free paths that
do not exist in amorphous materials. However, amor-
phous multilayer structures have the advantage over sin-
gle crystalline structures in that the materials need not be
carefully selected so that the lattice constants of sequen-
tial layers are matched at their interfaces. The lack of
this requirement for lattice matching allows the selection
and combination of a large variety of amorphous materi-
als, including semiconductors, insulators, and metals.

This work was motivated by our observations*~¢ that
strong space charge layers are present in hydrogenated
amorphous silicon (a-Si:H) whenever its surface is con-
tacted with an insulator of different electronegativity such
as an oxide layer, an adsorbate, or an insulating overlayer.
These space charge layers usually dominate the electronic
properties of high-quality a-Si:H films whose gap state
density is less than about 5X 10'° eV~!cm~3. One there-
fore expects large changes in the electrical and optical
properties of an amorphous semiconductor when it is al-
ternated in a multilayer structure with layers of an insula-
tor that donates either electrons or holes and effectively
shifts the Fermi energy in the semiconductor without the
need of dopants.

We also noticed”® that most of the current in a-Si:H
field effect transistors is confined to a two-dimensional
potential well whose dimension is 50 A or less near the
gate insulator. Under these conditions we predicted®®
that the extended state near the mobility edge of the
amorphous semiconductor would become localized due to
quantum confinement in the two-dimensional potential

30

well and that the mobility edge would therefore shift to
higher energies.

Studies of these two major effects, space-charge doping
and quantum-well confinement, on the electrical and opti-
cal properties of a-Si:H have been started independently
in several laboratories. Recently first results on such mul-
tilayer systems were reported by Munekata et al.,!°
Abeles et al.,'>'? Tiedje et al.,'> Kakalios et al.,'* and
Hirose and Miyazaki.!> The properties of amorphous
AsyoSeq0/GeysSess multilayer films have been reported by
Ogino and Mizushima.'®* Work on multilayer amorphous
thin-film structures has also been conducted at Energy
Conversion Devices (ECD) during the last several years as
reported in Ref. 14. ,

This paper describes in detail the optical and electrical
properties of a-Si:H/a-SiN,:H rnultinlayers14 having
a-Si:H thicknesses between 12 and 2120 A and a constant
nitride thickness of about 24 A. The properties of these
multilayer films are compared with those of homogeneous
alloys of a-SiN,:H with x between 0 <x < 1.3. These al-
loy films and the multilayer films were prepared under
identical plasma-decomposition conditions.

II. EXPERIMENTAL DETAILS

The films were prepared in a capacitively coupled
13.65-MHz glow-discharge reactor. Six substrates were
clamped onto each of the two capacitor plates that were
heated to 250°C. The plates had a diameter of 7 cm and
were separated by 2.15 cm. A self-bias of about 80 V
develops between the anode plate that is grounded to the
stainless-steel chamber and the cathode plate that is con-
nected to the rf power supply. For preparing the mul-
tilayered samples, the composition of the reactive gases
was altered periodically between pure SiH, and a mixture
having a composition ratio r=[NH;]/[SiH,]=3.4, while
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the plasma was maintained continuously. The flow rate
of SiH, was close to 29 em®/min at STP whereas that of
NH; was about 100 cm®/min at STP. The pressure in the
plasma chamber was close to 0.1 Torr with pure SiH, and
0.25 Torr with the mixture of r=3.4. A liquid-nitrogen
trap was located between the exit port and the rotary
pump in order to increase the pumping speed of NH; and
to achieve sharp compositional interfaces between layers.
The rf power was chosen small enough so that the deposi-
tion rate was about 1.2 A/s for anode samples The depo-
sition rate slowly increases with increasing 7 until r=0.2
and then drops to half its original value when r reaches
10.

For the series of multilayer samples the sublayer thick-
ness d; of a-Si:H was varied from 12 to 2120 A, while
that of a-SiN,:H was kept constant at 24 A. The total
thickness of the multilayer films were kept between 0.4
and 0.6 um by varying the number M of sublayer pairs.
The sublayer thicknesses were determined from the depo-
sition rates of the individual sublayer materials. The
values were in good agreement with the layer periods
determined for d; <50 A from the positions of the first
and second x-ray diffraction peaks.!* In another series of
samples, homogeneous films were grown from various gas
mixtures r=[NH;]/[SiH,] in the range 0 <r < 10.

The electrical measurements were made along the film
plane using either evaporated NiCr or painted graphite
contacts having a length of 1.5 cm and a separation of ap-
proximately 0.2 cm. The layered films were scratched be-
fore applying the contacts in order to assure electrical
contact to all layers. The current voltage curves were
ohmic up to 250 V/cm, the highest field applied, in mul-
tilayer films with larger sublayer thickness, d;> 500 A.
A deviation from ohmicity at lower fields was observed
for d; <200 A. All the data were taken in the ohmic re-
" gion. Optical exposures were carried out with a heat-
filtered tungsten-iodine lamp. The maximum light power
at the sample was approximately F,=100 mW/cm?.

III. EXPERIMENTAL RESULTS: MULTILAYER FILMS

A. Optical properties

Figure 1 shows a Tauc plot of the optical-absorption
coefficient a against photon energy Av for layered sam-
ples with 12 A<d1 <47 A as well as for pure a-Si:H and
an alloy sample with r=3.4. This plot has the form

(ahv)'?=B(hv—Eyy) , ey

where E,,; serves as a measure of the optical gap. The
optical-absorption spectra of samples with d; > 100 A
were found to be indistinguishable from that of pure a-
Si:H. One notices that the optical gap E, increases from
1.76 to 2.13 eV as d; is decreased from 50 to 12 A. The
slope B also increases noticeably in this range of the a-
Si:H sublayer thickness d, 'in agreement with the mea-
surements of Munekata et al.'® This increase in the slope
B is in sharp contrast to the gradual decrease in B that is
observed, as shown later, when [NH;]/[SiH,] is increased
in alloy films. The homogeneous alloy film with r=3.4
has an optical gap of E,,;=3.34 eV and a slope B=450
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FIG. 1. Tauc plot of the optical absorption coefficient a in
the form (ahv)!/? against photon energy hv for unlayered a-
Si:H and a-SiN,:H as well as for three multilayer films having
an a-Si:H thickness d; =12, 24, and 47 A, respectively. The full
line corresponding to unlayered a-SiN,:H is determined by data
points at higher values of Av.

(cmeV)~!/2 which is considerably less than B=870
(cm eV) ™12 of pure a-Si:H.

At this point a brief note is appropriate that explains
how we determined the absorption coefficient a. The
transmittance and reflectance of multilayer structures can

‘be obtained from the optical constants of the individual

layers using the matrix method described by Ugur and
Johanson.!” In turn, the optical constants of a periodic
repetition of two different materials can be deduced from
the spectral dependence of the transmittance when the in-
dividual layer thicknesses are determined independently.

From the height and spacing of the interference fringes
in the spectral dependence of the infrared transmittance
we obtained the total film thickness d and an average
dielectric constant €. These are related to the thicknesses
d,,d, and dielectric constants €;,6, of the individual
layers by

ed =€1Md1+62Md2 s (2)

where M is the number of sublayer pairs. Since the ab-
sorption of the a-SiN,:H layers is negligible in the photon
energy range hv < 3.4 eV the absorption leading to the a
values of the multilayer films shown in Fig. 1 is solely due
to the a-Si:H layers. In an alternative approach!"!* one
might treat the multilayer film as an average homogene-
ous medium of thickness d and a complex dielectric con-
stant € as expressed by Eq. (2). In that case the a values
will be smaller by a factor Mdn,/dn and the values of B
by a factor (Md n,/dn)'/?, where n, and n are the re-
fractive indices of @-Si:H and of the average medium,
respectively.

The subband-gap absorption was measured with the
photothermal deflection technique.!®* The results are
shown in Fig. 2 for pure a-Si:H and for several multilayer
films. The code (12,180) denotes a film with a-Si:H sub-
layers of thickness d; =12 A separated by M= 180 nitride
layers. The slope of the exponential Urbach edge of the
absorption curve increases with decreasing d;. A quanti-
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FIG. 2. Subband-gap absorption of a-Si:H and of multilayer
films. The numbers in parentheses denote (d;,M), the silicon
sublayer thickness d; in angstroms and the number of double
layers M. The vertical lines represent error bars of the low-
absorption measurement and of smoothening the interference ef-
fects. !

tative determination of this change in slope was not possi-
ble because the increase of the low-energy absorption, that
is attributed to gap and interface states, shortens the ener-
gy regime of the exponential Urbach tail too much to
determine its slope with precision.

B. Dark conductivity

The dark conductivity op was measured along the film
plane after annealing each sample for 30 min at 200°C in
an oil-free vacuum of a molecular sieve pump (state A), as
well as after exposure!® to heat-filtered white light of
Fy=100 mW/cm? for 60 min at 24 °C (state B). We used
the sum of a-Si:H sublayer thicknesses (M + 1) d; for
converting the measured conductance into conductivity
and thus neglected the very small conductance of the ni-
tride insulators. Since we start and end the deposition
with an a-Si:H layer, each film consists of M -+ 1 silicon
layers and M nitride layers.

Figure 3 shows that o, of state A follows:

op=ogexp(E, /kT) . (3) v

Starting from pure unlayered a-Si:H, the conductivity
first increases with decreasing d; and increasing number
of layers. It reaches a maximum value for sample
(120,45) and then decreases with decreasing d;. Before
the maximum is reached the conductivity curves show a
kink toward a lower slope above 100°C. This kink is ab-
sent in layered films having d; <260 A. The conductivity
prefactor oy is plotted against the low-temperature activa-
tion energy E, in Fig. 4. One finds that the samples fall
into two groups, those having d;>260 A follow the
Meyer-Neldel rule,?

op=0gexp(4E,) , (4)

with a slope 4=21 eV~! quite commonly observed in a-

log,, o, (Q'em")
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FIG. 3. Temperature dependence of the dark conductivity op
of unlayered ¢-Si:H and multilayer films after annealing in vac-

uum. The curves are labeled by the silicon sublayer thickness d,
in units of A. ‘

Si:H films,® whereas the multilayer films having d; <260
A have a prefactor oy which is essentially constant and
close to the theoretical value expected for the minimum
metallic conductivity.2! The strong dependence of o, on
E, has been attributed to the shift of the Fermi energy Ep
with temperature. This shift depends on the position of
Ey and the energy dependence of the density of gap state
near that energy.?? It is interesting to note that this
strong dependence disappears even for samples having
d;>260 A if one restricts oneself to the conductivity
measurements above the kink near 100°C. This is shown
by the crosses in Fig. 4 which represent the E, and o,

o Low Temperature
x High Temperature
5
Numbers indicote

subloyer thickness d,

log,y gy ( Q'en)

Activation Energy Eg4 (eV)

FIG. 4. Preexponential factor o, as a function of conductivi-
ty activation energy E, of annealed multilayer films having Si
sublayer thickness d; as indicated. The crosses represent data
points obtained for the unlayered and larger d; films at tem-
peratures above the kink that occurs near 400 K in several of
the conductivity curves shown in Fig. 3.
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FIG. 5. The thermopower S and the Seebeck coefficient II of
a multilayer film having d; =570 A and M=7.

data for the d > 260 A samples obtained from the high-
temperature branch of the conductivity curves.

The kink is also observed in the temperature depen-
dence of the thermopower S and the Peltier coefficient IT
that are shown for sample (570,7) in Fig. 5. In agreement
with earlier observations®>»?* on a-Si:H, the activation en-
ergy of the thermopower, 0.41 €V, is less than that of the
conductivity, E,=0.60 eV, and the temperature depen-
dence of the function Q = Ino —(e/k)S does not exhibit
the kink. The negative sign of the thermopower suggests
that the nitride layers or their interfaces are positively
charged. As d; becomes less than the screening length in
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FIG. 6. Electronic parameters of multilayer films as a func-
tion of Si sublayer thickness d;. At the right-hand side the data
for an unlayered a-Si:H film are shown. E, and E,, are the
conductivity activation energy and the optical gap, respectively.
The dark conductivities op and photoconductivities op mea-
sured at room temperature are shown after annealing ( 4) and
after prolonged light exposure (B).
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a-Si:H the negative excess charge transferred from the ni-
tride layers will be essentially uniformly distributed in the
a-Si:H layers causing Er to move upwards and E, to de-
crease. Below d;~50 A one enters a new regime in which
spatial confinement of the carriers in quasi-two-
dimensional quantum wells might become increasingly
important.

Figure 6 summarizes the results discussed so far by
showing the optical gap Ep, the conductivity activation
energy E,, and the room-temperature dark conductivities
op(A) and op(B) for pure a-Si:H and for layered films as
a function of sublayer thickness d;. For d;>40 A one
observes a sizable Staebler-Wronski effect:'® The dark

"conductivity after annealing, op(A), is considerably larger

than that after light soaking with Fy for 60 min, op(B).
This effect essentially disappears for the layered samples
with d; <40 A.

C. Photoconductivity

The steady-state photoconductivity op of state A and
state B measured at room temperature with F, is also
displayed in Fig. 6. The photoconductivity is increased
about fivefold by introducing one insulating nitride layer
(compare sample d;=2120 A with the unlayered film).
The photoconductivity first remains fairly constant as d;
decreases to d 1—500 A It begins to drop in a region
where op is still rising with decreasing d,. It appears
that at these small sublayer thicknesses recombination
through interface states becomes increasingly dominant
and the difference between states A and B disappears.
The intensity dependence of the photoconductivity
oy, < F 7 is governed by.the exponent y. This parameter
changes with the introduction of the first insulating ni-
tride film and again for sublayer thicknesses d; <500 A
as is shown for states A and B in Fig. 7. The light inten-
sity was kept below 10~2F, for measurements of state A.

Reporting photoconductivity parameters only at room
temperature as we did in Figs. 6 and 7 is somewhat
misleading as illustrated by the examples shown in Figs. 8
and 9. These figures show the temperature dependence of
op and op in states A and B of a layered film (120,45)
and an unlayered a-Si:H film, respectively. The data were
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FIG. 7. Exponent y that determines the dependence of op on
light intensity after annealing ( 4) and after prolonged light ex-
posure (B). The circled data points correspond to a multilayer
sample that was prepared with special care to prevent nitrogen
contamination of the silicon layer.
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FIG. 8. Temperature dependence of the dark conductivity ap
and photoconductivity op of a multilayer film (d;=120 A,
M=45) after annealing ( 4) and after light exposure (B).

taken with F =1073F, in order not to induce defect states
by light. There is still a noticeable difference between
op(A) and op(B) of the sample with d; =120 A except by
chance near room temperature, for which the values are
plotted in Fig. 6.

The photoconductivity is nearly independent of tem-
perature below 7'=250 K. Normally one finds that op
increases with T because with increasing T the quasitrap
Fermi levels move away from their respective mobility
edges, thereby reducing the number of recombination
centers that are bracketed between these quasitrap Fermi
levels. A reduction in the number of recombination
centers in turn results in an increase in free-carrier life-
time and hence an increase of the photoconductivity with
temperature. A constant op therefore means that the
number of recombination centers is constant which im-
plies that these centers are located not too far from the
gap center. In other words, the main recombination traf-
fic appears to pass through deep gap states and not
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FIG. 9. Temperature dependence of the dark conductivity op
and the photoconductivity op of an unlayered a-Si:H film after
annealing ( 4) and after prolonged light exposure ( B).
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through the localized band-tail states. If these deep gap
states give rise to the subband-gap absorption that is
shown in Fig. 2, then their increase with decreasing sub-
layer thickness d; might explain the observed decrease in
op. The details of the recombination processes need fur-
ther study because the interfaces are likely to play an im-
portant role.

IV. EXPERIMENTAL RESULTS: a-SiN,:H ALLOYS

One of the crucial questions in interpreting the proper-
ties of the multilayer films concerns the sharpness of the
concentration gradient at the interfaces. This is related to
the question of how much of the NH; remains in the plas-
ma chamber while the next a-Si:H sublayer is growing
and how much the properties of the multilayer structures
are affected by some nitrogen alloying. We tried to
answer this question by studying the effect of nitrogen on
the electrical and optical properties of a-SiN,:H alloy
films that were prepared under practically the same plas-
ma conditions as the multilayer films.

Figure 10 shows the optical gap E, the conductivity
activation energy E, of state A, the dark conductivities
op(A), op(B) as well as the photoconductivities op(A4)
and op(B) of states A and B, respectively, of pure a-Si:-H
and of the silicon-nitride alloys as a function of the
plasma-gas ratio r=[NH;]/[SiH4]. These are room-
temperature values and op was measured with the heat-
filtered light flux Fy. The gas ratio r=3.4 used for the
insulating layers in the layered structures is marked by a
vertical arrow in Fig. 10. At this alloy concentration the
material is highly insulating with an optical gap of

(Q 'em)
il N | |
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log,y o, and log,, o,
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S

FIG. 10. Electronic parameters of a-SiN,:H alloy films as a
function of plasma gas ratio » =[NH;]/[SiH,]. E, and E,, are
the conductivity activation energy and the optical gap, respec-
tively. The dark conductivities op and photoconductivities op
measured at room temperature are shown after annealing ( 4)
and after prolonged light exposure ( B).
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Eqp=3. 34 eV and a conductivity of less than 10~16
Q~'cm~! as determined from the leakage current mea-
sured normal to the film plane.

We wish to point out the following main features of the
results shown in Fig. 10. Both op and op reach a max-
imum near r=0.02 and then decrease quite rapidly with
increasing r. A large Staebler-Wronski effect!® is ob-
served up to gas ratios of r=0.2. The optical gap E, as
well as the conductivity activation energy E, hardly
change up to »=0.2; above that value they increase with
increasing . The rapid decrease of op while E, remains.
nearly constant between r=0.02 and 0.2 shows that a-
SiN,:H alloy films do not follow the Meyer-Neldel rule.
The preexponential factor o actually decreases with in-
creasing r and hence with increasing E,; it is 0o=10
(Qcm)~! at r=1.0 where E,=0.95 eV. This unusually
low value of oy at such a large activation energy suggests
that the a-SiN,:H is not homogeneous but consists of
silicon-nitride particles which constrict the conducting
percolation path through regions which contain less nitro-
gen.?’ Unlike other group-V elements nitrogen does not
act as a donor in crystallme silicon?® because of its small
size and its large-sp> promotion energy. The slight in-
crease in op and the decrease in E, noticeable in Fig. 10
between =0 and 0.02 might be a doping effect but it
may also be due to a charge transfer from positively
charged nitride particles to surrounding a-Si:H.

In contrast to the large change in photoconductivity the
exponent ¥, which governs the dependence of op on the
incident light flux F, remains nearly constant as the
plasma-gas ratio is changed from zero to r=1.0. This is
shown for states A and B at room temperature in Fig. 11.
The constancy of ¥ suggests that the recombination pro-
cess is not greatly affected by the large nitrogen content
even though the recombination lifetime is shortened by
five orders of magnitude between r=0.2 and 1.

Even though the optical gap E,, remains nearly un-
changed up to r=0.2, both the slope B of the Tauc plot
[Eq. (1)] and the refractive index n measured near A=2
um decrease as soon as NH; is added to the plasma gas.
These parameters are shown as a function of 7 in Fig. 12.
This trend is not inconsistent with a heterogeneous model
for the a-SiN,:H alloys containing nitride-rich particles.
Still more work is required before these questions can be
answered more definitively.
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FIG. 11. The exponent y that governs the power-law depen-
dence of op on light intensity as a function of plasma-gas ratio
after annealing ( 4) and after prolonged light exposure ( B).
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FIG. 12. The refractive index n measured near A=2 um and

. the slope B of the Tauc plot of optical absorption [see Eq. (1) of

text] as a function of plasma-gas ratio r for a-SiN,:H alloy
films.

V. DISCUSSION

A. Concentration gradients

The properties of our a-Si:H/a-SiN,:H multilayer
films agree closely with those reported by Abeles
et al.'!?2 who prepared their films in a similar manner in
one reaction chamber by switching on and off the NH;
supply to the plasma reactor while maintaining the silane
flow and the plasma. We presented here in addition a de-
tailed study of the a-SiN,:H alloy system in order to shed
some light on the question of whether the anomalous
properties of thin multilayer structures are caused by
quantum-well effects or by alloying of the a-Si:H layers
with residual nitrogen. Some alloying must take place be-
cause even if 99% of the NH; used for the growth of the
nitride layers is swept out faster than the 1.0 s needed to
grow a monolayer of a-Si:H the remaining amount of
r=0.01 does not cause significant changes in the proper-
ties of the alloy films. The presence of a second-order x-
ray diffraction peak observed!* in the three films having
the shortest superlattice period indicates that the concen-
tration profile varies faster than sinusoidally. This, how-
ever, does not rule out the presence of a few atomic per-
cent nitrogen in the a-Si:H layers. On the contrary, con-
sidering the dwell times of NH; in plasma systems,? it is
likely that the silicon layers contain a certain amount of
nitrogen which we estimate to be a few percent. Further-
more, the nitrogen-concentration gradient will likely be
less steep when a-Si:H grows on the nitride layer after
switching off the NH; supply than at the interface formed
when the NH; is switched on.

In order to check whether a concentration gradient at
one of the pairs of interfaces had an undue effect on the
transport properties, we prepared one multilayer_film,
having three sublayers of a-Si:H with d;=1420 A and
two layers of 24 A SiN,:H, by pumping and flushing the
plasma gas for 15 min after each silicon nitride deposi- .
tion. This procedure also required extinguishing the plas-
ma for that length of time. The results of the measure-

ments on that sample are marked with the circled data

points in Fig. 6. There is essentially no difference between
this sample and the one prepared by switching the NHj



supply on and off without extinguishing the plasma.
From this we conclude that even though the interfaces are
probably not atomically sharp but exhibit a gradient in
the nitrogen concentration, this gradient does not give rise
to the major effects observed in the multilayer films.
These effects are discussed in the following by considering
the regimes of small and of large sublayer thicknesses
separately.

B. Small sublayer thicknesses

As shown in Fig. 6 the optical and electrical properties
change when the a-Si:H sublayer thickness d; becomes
less than 50 A. The rise of the optical gap and the rise of
the conductivity activation energy are nearly parallel.
This agrees qualitatively with the findings of Abeles and
Tiedje'! and Tiedje et al.!®> The latter authors calculate
an average absorption coefficient a of the total film. We
calculate a for the a-Si:H layers using Eq. (2). An in-
crease in E,, and E, is consistent with a rise of the mo-
bility edge due to localization of states near the mobility
edge on account of the confinement of electrons (and
holes) in the one-dimensional potential well formed by the
a-Si:H sublayers between the wide-band-gap nitride
layers. We cannot explain the increase of the slope B with
decreasing d; but this behavior is opposite to the effect of
adding nitrogen to a-Si:H that decreases the slope B as
shown in Fig. 12. This increase of B for the smallest sub-
layer thicknesses d; may therefore be related to the
potential-well effect.

We wish to emphasize at this point that the analysis of
Ugur and Johanson!” assumes that the layers are perfectly
uniform and parallel and that the interfaces are abrupt.
Amorphous silicon layers that are 12—24 A thick must
have a considerable roughness if the deposition occurs sta-
tistically without a lateral smoothening process. In addi-
tion there will be the concentration gradient at the inter-
faces due to the finite residence and mixing times at the
changes of gas composition in the plasma chamber.
Abeles et al.'? presented evidence that the layers in their
multilayer films are indeed much smoother than would be
expected from a statistical model. We do not have similar
proof of the quality of our films and thus have to allow
for the possibility that the thickness dependence of the
constant B of the Tauc plot results from assuming greater
smoothness and uniformity than exists in our films.

The increase in conductivity activation energy E, with
decreasing d; does not result in the usual increase in the
prefactor o as shown in Fig. 4. If the temperature shift
of the Fermi level is the major cause of the Meyer-Neldel
increase of oy with E, in normal samples, as claimed,?
then we conclude that a fairly constant density of inter-
face states essentially pins the Fermi level in thin mul-
tilayer films and thus gives rise to a o value close to that
of the expected minimum metallic conductivity. These
interface states may also be the cause for the rise in
subband-gap absorption shown in Fig. 2 and the decrease
in op with decreasing d;. .

The agreement of o of our film having d,=12 A with
the value predicted for three-dimensional conduction near
a mobility edge means that we find no evidence for the
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theoretical prediction?® that extended states cease to exist
in two-dimensional disordered systems. This is not too
surprising because our sample hardly qualifies as a test of
the theory because of the high measuring temperature and
the nonideality of its quasi-two-dimensional structure.

At small values of d; there is no Staebler-Wronski ef-
fect observed in terms of light-induced changes in op or
op. This is to be expected when the Fermi level is fairly
well pinned by interface states. Nevertheless, light still
creates metastable defect states even in the thinnest d;
multilayer films: Regardless of the value of d; we ob-
served'* a photoluminescence fatigue of about 8+2%
after exposure at 78 K to an exposure to 5x 10*!-cm™2
photons of Av=2.4¢V.

C. Large sublayer thicknesses

Between d; =2000 and 100 A the dark conductivity op
rises and its activation energy E, decreases from 0.8 to
0.48 eV with decreasing d;. We believe that this is the re-
sult of space-charge doping, i.e., a transfer of electrons
from the nitride layers and/or their interfaces to the a-
Si:H layers. In order to understand the functional depen-
dence of op or of E, on d; one must consider the fact
that d; becomes small compared to the space-charge
width. This problem has been treated by Redfield®® and
Powell and Pritchard.®® The layered sample with
d,;=2120 A contains only one nitride layer in its center.
Its small changes in op and E, compared to the values of
the unlayered film indicate that only a small band bending
of about 0.03—0.04 eV and a correspondingly small
charge transfer occurred. The fact that op increases and
E, continues to decrease as d; is reduced may be under-
stood qualitatively as follows. Since d; is less than the
screening length, the total negative charge transferred to
the a-Si:H layer must move the Fermi energy further up
as d; decreases. The limiting value will be given by the
energy position of the donor states associated with the ni-
tride layer. A quantitative analysis is not possible at
present because of the dependence of oy on E, in this re-
gime shown in Fig. 4.

The increase in photoconductivity by a factor of 5 be-
tween the unlayered and the first-layered films is not large
enough to single out one of several explanations. This in-
crease should be contrasted, however, with a decrease in
op by about three orders of magnitude that is often ob-
served when the thickness of an ordinary,oundoped a-Si:H
film is reduced from say 1.2 um to 1400 A.3! This reduc-
tion is normally attributed to surface recombination. The
fact that op of the layered films remains higher than that
of an unlayered film down to d;=120 A is therefore re-
markable. It may be associated with an internal field*? in
the sublayers that induces a spatial separation of the
trapped photocarriers and hence a reduction in the recom-
bination rate.

The persistence of the Staebler-Wronski effect of mul-
tilayer films to the smallest sublayer thickness d;=12 A
(based on the observation of fatigue of the photolumines-
cence) and in a-SiN,:H alloys to considerable nitrogen
concentrations suggests that the number of photocreated

defect states does not become swamped by a very large
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density of defects already present in the multilayer and al-
loy films. Yet, the subband-gap absorption (see Fig. 2) of
‘the thinnest multilayer films is much higher than that
produced by prolonged light exposure of unlayered
films.>*> This suggests that the defects giving rise to the
subband-gap absorption are spatially separated from the
regions in which photoluminescence and its fatigue are
taking place. Perhaps one can still distinguish a-defect-
rich interface region and a relatively high-quality a-Si:-H
region even in d;=12- and 24-A films. This view is fur-
ther supported by the observation!* that the photo-
luminescence intensity of the thinnest multilayer films
(12,180) is only a factor of 6 less at 78 K than that of the
unlayered film even though the absorption near hv=1 eV
and therefore the density of deep states is larger by a fac-
tor of 100.

VI. SUMMARY AND CONCLUSIONS

Our studies of amorphous semiconductor multilayers
consisting of alternating layers of undoped «-Si:H and in-
sulating a-SiN,:H show two distinct regimes. At a-Si:H
sublayer thickness d;>100 A we observe space-charge
doping which raises the Fermi energy by about 0.4 eV.
The nitride layers become positively charged. The photo-
conductivity is increased relative to an unlayered film
despite a probably increased recombination through inter-
face states. When the a-Si:H sublayer thickness becomes
less than d| <50 A we observe, in agreement with Abeles
and TledJe11 and Ogino and Mizushima,'® a widening of
the optical gap and an increase of the conductivity activa-
tion energy. This effect is consistent with localization of
states near the mobility edge as a result of the one-
dimensional confinement of electrons and holes in the po-
tential wells formed by the thin a-Si:H layers sandwiched
between the wide-band-gap nitride layers.

A comparison of the multilayer structures with a-
SiN, :H alloy containing different concentrations of nitro-
gen indicates that the main properties of the multilayer
films are governed by charge-exchange doping of elec-
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trons from the nitride to the silicon layers as well as by"
quantum-well effects. We cannot exclude the possibility
that the nitrogen concentration at the interfaces is graded
and that a few atomic percent of nitrogen are incorporat-
ed in the a-Si:H layers.

A fatigue of the photolummescence of about 8+2%
after light exposure to 5% 10?' cm~2 photons at 78 K is
observed'* in all multilayer films independent of the a-
Si:H sublayer thickness d;. The rate of fatigue as well as
its annealing behavior suggests that it is a consequence of
light-induced defect creation as the Staebler-Wronski ef-
fect."” If this interpretation is correct then the persistenice
of the fatigue down to d;=12 A implies that the back-
ground of defects is not raised much by decreasing the
sublayer thickness d;. Yet, the increase subband-gap ab-
sorption and the constancy of the conductivity prefactor
oo with decreasing d; suggests the presence of interface
defects near the gap center.

Measurements of thermostimulated currents and of the
drift mobility>* in these multilayer films by means of the
traveling-wave method as well as a study of doping-
modulated a-Si:H (Ref. 35) have been undertaken and will
be reported elsewhere.
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