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Optical properties of hydrogenated amorphous-silicon—amorphous-silicon- mtrlde (a-Si:H/a-

SiN, :H) superlattices (x =

1.1) with a-Si:H sublayer thicknesses dg as small as 11 A have been inves-

tigated by photothermal deflection spectroscopy combined with the transmission and photolumines-
cence measurements. Changes in the optical band gap, Urbach energy, and defect-state absorption
were observed for dgs < 30 A and studied in detail in order to clarify the origin of the size effects in
these structures. In the lowest-thickness superlattices, the room-temperature luminescence consists
of two emission bands at 1.3 and 1.46 eV, which we ascribe to hydrogen-rich and nitrogen-rich in-
terfaces, respectively. The properties of these amorphous superlattices have been compared with
those of hydrogen-rich a-Si:H deposited at low temperatures and a-SiN, :H alloys (0 <x < 1.1) con-

taminated deliberately by nitrogen.

I. INTRODUCTION

Amorphous superlattices consisting of hydrogenated
amorphous silicon (a-Si:H) layers alternating with hydro-
genated amorphous silicon nitride (a-SiN,:H) are the
subject of considerable attention because of their interest-
ing physical properties!~* and technological impor-
tance.>® In these structures, when a-Si:H thickness is re-
duced below about 40 A, sharp changes have been ob-
served in the optical and electronic properties and attri-
buted to the crystalline superlatticelike confinement
effects."”® However, despite several studies,”’~!?> quan-
tum confinement of charge carriers in the lower band-gap
layers has not yet been unambiguously identified in these
amorphous superlattice systems. Because of the lack of
periodicity, the pronounced structures seen in the optical
spectra of the crystalline superlattices are absent in the
amorphous case. Size effects are clearly seen, but they
may be due to chemical contamination of the quantum-
well layer or to interface defects. Most of the studies of
optical and electronic properties have concentrated on
the nature of the interfaces.'>'* X-ray diffraction and
transmission-electron-microscopy measurements have
demonstrated the existence of the alternating layer struc-
tures”!® and an interface roughness of about 10-15 A (al-
most the sensitivity range of the measurements) has been
deduced from different spectroscopic techniques.'®!’
Also, the existence of built-in electric fields due to
charged interface defects and an excess of hydrogen and
nitrogen content in the lowest-thickness samples have
been reported.'>!® Thus the complex structure of the in-
terfaces should play an important role in the determina-
tion of the physical properties. But little is known about
the composition of the well layer with a thickness of less
than about 40 A, the thickness which corresponds to the
onset of the quantum size effects. In fact, this layer
determines optical transitions and its minimum contam-
ination, for example by alloying with nitrogen, should re-
sult in the changes similar to the confinement effect. In a
plasma discharge, it is possible that the residual ammonia
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molecules tend to redeposit during the growth of the a-
Si:H layer and a part of a a-Si:H may be transferred to a
nitride during the growth of the a-SiN, :H because of the
reactive nature of the plasma. The first direct evidence
for the presence of nitrogen in the well layer has been ob-
tained from Rutherford backscattering analysis of a
structure with 50 A @-Si:H over 50 A nitride.!® Possible
contamination of the a-Si:H layer has also been con-
sidered by other groups®®?! from optical and electrical
measurements. But it has not yet been possible to distin-
guish between interface, contamination, and confinement
effects in these superlattices.

Optical measurements are of importance since they
have been successfully used to provide direct evidence for
bound states in crystalline low-dimensional confined sys-
tems.® In amorphous superlattices, as the fine structure is
absent, the blue shift of the fundamental absorption edge
and of the photoluminescence (PL) peak energy has been
used as evidence of the level shift. So far absorption mea-
surements on these structures report shifts of the gap to
higher energies for layer thicknesses below about 40 A.
Nevertheless, no systematic study of the optical proper-
ties of these superlattice structures has been done until
now. In this work, we have studied in detail the below-
and above-gap absorption, and photoluminescence prop-
erties of a-Si:H/a-SiN,:H superlattices using photo-
thermal deflection spectroscopy (PDS),?? the transmission
method, and photoluminescence at room temperature.
Because of the high sensitivity of the PDS technique, we
could precisely measure the low-level absorption process-
es in these thin films with thicknesses of less than 0.3 um
down to 0.8 eV. We present the thickness-induced
changes in all the characteristic parameters of the materi-
al, such as Urbach energy, optical band gap, as well as
defect-created absorption shoulder, in an attempt to clar-
ify the roles of the confinement, contamination, and de-
fects from an optical point of view. A comparison of the
properties of these superlattice films is made with those
of unlayered bulk a-SiN, :H with different alloy composi-
tion and hydrogen-rich a-Si:H deposited at low tempera-
tures.
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II. EXPERIMENT

Superlattice samples consisting of alternating a-Si:H
and a-SiN, :H layers were prepared by the glow-discharge
technique from silane and ammonia-silane mixtures (gas-
phase ratio R =[NH,;]/[SiH,]) at 330°C on polished
Corning glass substrates in a single-chamber system.'®
During preparation, the a-SiN,:H (R =3.8) layer thick-
ness dy was kept constant at either 17 or 30 A, but the
a-Si:H layer thickness dg, constant for a given sample,
was varied from 11 to 500 A. The thickness of each indi-
vidual sublayer was estimated from deposition rates. Un-
layered @-Si:H films and a-SiN, :H alloys were prepared
under similar conditions from NH; and NH;-SiH, mix-
tures but at different temperatures and gas ratios R, re-
spectively. The composition x describes the total number
of nitrogen atoms per Si atom and has been estimated as

x=2R(3+R)™! (n

from the results of electron microprobe analysis in Ref.
23.

The experimental configuration for PDS spectroscopic
investigation is shown in Fig. 1. The pump beam was a
broad-band xenon arc lamp of 450 W which is dispersed
by a i-m grating monochromator (13 nm of resolution)
and focused on the sample. The intensity of the pump
beam was monitored at each wavelength and the typical
chopping frequency was 20 Hz. A He-Ne laser was used
as a probe beam. The samples were placed in a glass cell
containing CCl, as a deflecting medium kept at 300 K.
The probe beam deflections through the sample were
measured by a position sensor (PS) detector (silicon pho-
todiode). The lock-in amplifier, intensity monitor and
monochromator were interfaced to a computer for au-
tomatic data acquisition. Deflection signal was counted
for about 20 s at each pump wavelength. The interfer-
ence fringes in the PDS spectra have been averaged out
using conventional techniques. The photoluminescence
measurements used a He-Ne (6328 A) laser for excitation
and a cooled Ge detector.
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FIG. 1. Schematic diagram of the experimental setup for
PDS measurements.
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III. RESULTS AND DISCUSSION

Gap-state absorption spectra of the a-Si:H/a-SiN,:H
(x =1.1) superlattices are shown in Fig. 2. These sam-
ples have different a-Si:H sublayer thicknesses dg, but
each contains 40 layer pairs. The absorption coefficient
a(fiw) of the samples was calculated using the total su-
perlattice thickness (for each superlattice, the total a-Si:-H
sublayer occupies almost half of the sample volume).
Spectra of the individual layers used in the fabrication of
the superlattices as the quantum well and barrier layer,
i.e., unlayered bulk a-Si:H and a-SiN,:H alloy (x =1.1
and the dielectric constant €=6.5 as determined from
transmission measurements) are also shown. The absorp-
tion in the alloy is relatively weak, so that we assume the
contribution of the silicon-nitride layer to the spectra is
negligeable in the region of interest. Note also that, be-
cause of the saturation of the deflection signal, the high
absorbance part of the PDS spectra has been completed
from transmission measurements. The saturation level of
the signal for the samples reported here corresponds typi-

cally to an absorption of the order of a~10* cm~!. The
same figure also compares the spectra of the nitrogen-rich
silicon-nitride alloys (dashed lines 1 and 2) with those of
the superlattice samples.

Figure 2 shows that the optical absorption edges of
the a-Si:H/a-SiN,:H superlattices are strongly blue-
shifted for dg less than 20 A. Similar shifts have also
been observed from transmission measurements.'®?* The
optical band gap E; from such measurements was deter-
mined using the Tauc law:

(afiw)'? « (Aiw—Eg) , )

and E; so obtained is plotted versus thickness in Fig.
3(a). In the calculation of a(#iw) for the a-Si:H layer, the
effective dielectric constant of the layered structure is
considered. The most striking feature of the figure is the
rapid change of the band gap when the a-Si:H thickness
is reduced below about 30 A. In order to avoid possible
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FIG. 2. Gap-state absorption of the a-Si:H/a-SiN,:H super-
lattices. Also shown are the spectra of unlayered a¢-Si:H and a-
SiN,:H (x =1.1). In the figure, 1 and 2 indicate the spectra of
a-SiNj 5:H and a-SiNg g:H, respectively.



37 OPTICAL INVESTIGATION OF a-Si:H/a-SiN,:H SUPERLATTICES 8839

errors originating from the constant index-of-refraction
Tauc formalism,?* we have also plotted the E,; gap (ener-
gy at a=10° cm™!) of the superlattices as deduced from
PDS measurements. The results confirm the upward
shift in the band gap. The figure indicates clearly that
there is a blue-shift of the edge corresponding to an in-
crease of the gap of at least 450 meV in the lowest-
thickness superlattices. We notice also that the absorp-
tion edges and band gaps of the superlattices with larger
thicknesses (dg >30A) are close to that of unlayered a-
Si:H.

As other groups"® have observed, the main evidence
for the quantum confinement effect in amorphous super-
lattice structures is the blue-shift of the optical band gap
E; when the confined layer thickness is decreased. The
solid line in Fig. 3(a) is calculated using the Kronig-
Penney model for a free electron in a one-dimensional
periodic square potential well with the equation

2 2
% sinh(ydy) sin(Bds)

+cosh(ydy)cos(Bdg)=cos[aldg+dy)], (3)

where B=02mE)\2/#, y=[2m(V,—E)]"/2/#% V, is
the periodic potential field and a =27n /d, where n is an
integer and d is the distance for one period. In the calcu-
lation, the conduction- and valence-band discontinuities,
and the electron and hole effective masses are assumed to
be AUr=1.0 eV, AU,=0.6 eV, m}=0.2m,, and
my =1.0m, respectively, following Ref. 24. The thick-
ness ratio of the silicon and nitride sublayers, dg/dy, is
0.9, and the a-Si:H and a-SiN,:H band gaps are taken to
be 1.7 and 3.3 eV, respectively, according to our measure-
ments on corresponding bulk materials. We notice that
the calculated optical gap is in good agreement with the
experimental data. Thus the changes seen in Fig. 3(a)
suggest quantization of the extended states in the a-Si:H
well layer as predicted by a one-dimensional quantum-
well model.

The upward shift of the gap [Fig. 3(a)] is followed by a
broadening of the optical absorption edge. This edge ex-
hibits an exponential region (in the range of 200
cm~ 'S <6000 cm™!) in the characteristic Urbach
form?¢

altiw)=ayexp[(Aiw —fiwy)/E,] , 4)

where a, is the absorption at the energy 7w, and the en-
ergy E, is the Urbach parameter which is characteristic
of the material. This exponential region extends over
more than 1 order of magnitude on the absorption edge
of the superlattices and increases up to 3 orders of magni-
tude in pure a-Si:H. The typical E; parameter of the su-
perlattices is about 95 meV, but increases up to 130 meV
in the thinnest layers [Fig. 3(b)]. Note that the change in
E, is relatively abrupt and occurs at about the same
thickness with the band gap. However, unlike the gap,
the observed changes in E, are not readily correlated
with quantum confinement effects. The increase of this
parameter probably suggests an increased structural dis-
order in the material, as has been the case in a-Si:H.?’
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FIG. 3. (a) Thickness dependence of the optical band gap Es
(the solid line is a calculated curve based on the band diagram
inserted in the same figure). Also shown is the Ey; gap, energy
at a=10° cm~!, from PDS measurements, (b) the Urbach edge
parameter E,, and (c) the integrated defect-state absorption in-
tensity I.,. Open circles (A4 and D) show the hydrogen rich a-
Si:H deposited at 40 and 300 °C, respectively.
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The origin of such a disorder may be the large lattice
mismatch between silicon and the silicon-nitride matrix.
The Raman measurements suggest an increased bond-
angle distortion in the first as well as second monolayers
of the well next to interfaces.”® Others'* have interpreted
the same effects in terms of the formation of structural
defects analogous to crystalline misfit dislocations. How-
ever, the excess hydrogen and nitrogen content at inter-
faces or contamination of the well by these elements may
also be possible sources of the Urbach edge broadening,
which we will discuss later.

It has been reported that the defect-tail absorption in
a-Si:H/a-SiN, :H superlattice systems increases with de-
creasing sublayer thickness.>?* However, there is no evi-
dence for such an increase in our spectra. The defect-tail
absorption in the region below about 1.6-1.7 eV (Fig. 2)
shows that the absorption coefficient a(#w ) at a given en-
ergy decreases slightly with thickness. The absorption in
this region reveals a wider tail due to the opening of the
gap. Thus the total integrated absorption I, [Fig. 3(c)]
from the lowest energies to the Urbach tail increases with
decreasing thickness (by a factor of 4). In the films with
sublayer thicknesses dg <30 A, we estimate typically
3.2%x 10" cm~? bulk density of states using local-field
corrections made for a-Si:H.3®3! This value can be ex-
pressed as an equivalent interface state density of
8.0 10'? cm~2, which seems reasonable compared to
ESR measurements on a-Si:H/a-SiN:H superlattices.!’
The high density of states deduced from the low-energy
shoulders of the spectra suggest that these superlattices
are relatively defect-rich materials.

In order to check whether the observed properties of
the superlattices are due to chemical contamination of
the quantum-well layer, we carried out similar optical
measurements on the bulk hydrogen-rich a@-Si:H and
nitrogen-rich a-SiN:H grown under similar conditions.
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FIG. 4. Gap-state absorption of the bulk a-Si:H deposited at
40 ( A4), 90 (B), 150 (C), and 300°C (D). Samples contain 35%,
27%, 22%, and 15% H, respectively. Also shown are the spec-
tra of the 12- and 40-A superlattice samples.
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Figure 4 summarizes the PDS results obtained on a-Si:H
samples of different hydrogen quantity. Hydrogen con-
tent of the samples was estimated from the data in Ref.
32. These samples were grown at low temperature and
are rich in defects and disorder like the superlattice sam-
ples. Therefore we tried to simulate the superlattices
with these a-Si:H samples. However, in the figure we find
substantial differences between hydrogenation and size
effects. Unlike the size effects (Fig. 2), the defect-state ab-
sorption at a given energy increases with hydrogenation.
Moreover, the absorption edge is relatively insensitive to
hydrogen content. We then conclude that, in the range
of temperature explored, the superlattices cannot be
simulated with these a-Si:H samples. If there is any ex-
cess H content in the lowest-thickness superlattices, this
may explain the relatively high density of states
throughout the gap in the superlattices. But the observed
changes in E; and E, are probably not due to an in-
creased hydrogen content in the quantum-well layer.
Figure 2 compares the PDS spectra of the nitrogen-
rich a-SiN, :H alloys and superlattice samples. Despite
the good fit at high energies between the lowest-thickness
superlattices and alloys of composition range 0.5-0.8,
none of the spectra fits completely those of the alloys.
This clearly indicates that the lowest-thickness superlat-
tices cannot be considered as mixed structures in the
sense of forming a silicon-nitride alloy. This result is also
confirmed by PL measurements. Figure 5 compares the
300-K emission spectra of the 12-A superlattice with
those of the hydrogen-rich bulk a-Si:H and nitrogen-rich
silicon-nitride alloy. This comparison is made because
a-Si:H (~35% H) and a-SiN:H (x =0.8) exhibit closest
optical features to the lowest-thickness superlattices. The
figure shows that, unlike ¢-Si:H and the silicon-nitride al-
loy, the emission spectrum of the superlattice sample con-
sists of the two bands situated at 1.3 and 1.46 eV. The
band at lower energy is the typical emission band of the
bulk a-Si:H, which occurs from the radiative recombina-
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FIG. 5. Normalized PL spectra of 12-A superlattice ( ),
hydrogen-rich a-Si:H (35%H) (— — —) and a-SiNgz:H alloy
[———)
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tion of the electrons and holes in the band-tail states.
Also, by analogy with the nitrogen-rich silicon-nitride al-
loys, we ascribe the emission band at 1.46 eV to the
nitrogen-rich regions of the superlattice. These regions
are probably formed at interfaces during the growth of
the a-SiN, :H layer on a-Si:H. Because of the reactive na-
ture of the plasma, we suppose that the weak Si—H
bonds (71.5 kcal/mol) of the a-Si:H surface are replaced
by the strong Si—N bonds (105 kcal/mol) (Ref. 33) re-
sulting in the nitrogen-rich regions. The 1.3-eV emission
band can also be explained by the existence of the
hydrogen-rich interfaces (a-Si:H on a-SiN,:H). The pho-
toluminescence spectra then arise probably from the tun-
neling of the electrons and holes to these asymmetric in-
terface states. The hydrogen- and nitrogen-rich inter-
faces have also been suggested by other groups.!>3+35

In summary, we have investigated the optical proper-
ties of the a-Si:H/a-SiN,:H (x =1.1) superlattices as a
function of the a-Si:H sublayer thickness using photo-
thermal deflection and photoluminescence spectros-
copies. We have demonstrated the quantum size effects

from the blue-shift of the fundamental absorption edge
when the sublayer thickness is reduced below about 30 A.
It is shown that, although there are close features in the
optical properties of the superlattice samples and a-
SiN, :H alloys, even the smallest-thickness superlattices
cannot be considered as a silicon-nitride alloy. We have
shown that the 300-K emission of the lowest-thickness
superlattice samples consist of the two bands, which we
attributed to the presence of the hydrogen- and nitrogen-
rich interfaces. The exclusion of the nitrogen and hydro-
gen effects should clearly demonstrate the existence of the
quantum size effects in these amorphous superlattice
structures.
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