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Abstract

This study addresses the question, “How can the
optical properties of matter in ultrathin amorphous
nonmetallic films in multilayers best be determined
from reflectance (R) and transmission (T') measure-
ments.” A blue shift in the band gap of plasma
CVD a-Si:H/a-SiNy:H multilayers was reported sev-
eral years ago. It was suggested that the shift in the
band gap, E,, relative to bulk a-8i:H as given by the
Taug plot was due to quantum confinement effects.
The purpose of this study is to evaluate the useful-
ness of various effective media theories (EMT) for
determining the optical constants of materials in a
multilayer and to explore to what extent a shift in
band gap to higher energy may be an artifact of the
method of optical analysis.

Incoherent approaches are the most common
methods of determining band gap from R and T.
These do not require iteration to obtain optical con-
stants from the optical data. The band gap deter-
mined by such methods was, however, generally 8%
higher than the actual band gap when a suitable hy-
pothetical case was investigated. Coherent effective
media theory provides a noteworthy alternative to
both incoherent EMT and fully coherent multilayer
modeling, (which is accurate but is excessively com-
plicated and poorly convergent). The accuracy of
the band gap is at the limit, 2-3%, of what can be
expected for graphical methods. A previously unap-

preciated source of optical artifacts was also identi-

ﬁed: Dispersion, which is commonly ignored when
E, is determined graphically, is shown to distort, in

certain cases, the anticipated straight line behavior low density ¢
- ~taining amorp

of the v/aE vs. E plot.

Introduction ~

The properties of materials i
quently ‘differ from the same mate
films and in bulk form. Optical proper
trical transport of metallic and semi

Provide many examples

_possess noteworthy op

been related to film discontinuity, for example ag-

glomeration, surface oxides, inclusion of residual gas,

voids, and microstructural or surface morphological
differences.®~® " -

The purpose of this study is to investigate the
suitability of various methods of determining opti-

cal constants of ultrathin (0.5 nm to 150 nm) amor-
phous germanium films in multilayer structures from

reflectance and transmission measurements

Multi-

layers are useful for a variety of technological devices

and basic science investigations. There are several
advantages of such structures for basic science stud-.
ies. The addition of layer upon layer facilitates the
study of phenomena where interfaces are important,
such as intermixing, diffusion and where the mass

of a single thin film might be inadequate for accu-

rate measurements such as in the determination of
thermal conductivity. =11 LhennTar

In the present investigation the fact that in a
multilayer the absorptance is a composite of the ab-

sorptances of many layers makes it possible to deter-

mine n and k of an ultrathin film germanium near
the optical band gap. Furthermore; the effect of sur-
face environment contamination is minimized.

Multilayers have proven to be objects worth

studying in their own right. In single crystal epi-
taxy multilayers, so called superlattice structures,
established and a number of very interesting ele
tronic and optoelectronic phenomenon have be
studied. Since the advent of amorphous tetra
dral semiconductor alloys such as a-Si:H, w
oelectronic properties a

the existence of quantum size effects is now well

low density of state




A key property of crystalline superlattices which third, meas?r-ement&of the @g’tfaitai constants of a se-
may be shared by their amorphous analogues is a ries of samples to determine if the fundamental opti-

shift to higher energy of the band gap of the mate-
rial possessing the narrower band gap. In the case
of crystalline multilayers, confinement of the carri-
ers in an ultrathin, low band gap region sandwiched
between wider band gap material has the quantum
mechanical effect of increasing the optical band gap
(a “blue” shift) of the narrow band material. The
Kronig-Penny model is often used to explain the ef-
fect. Quantum confinement has also been used to
explain the reported increase in optical gap of a-
Si:H/a-SiNy:H multilayers.

There are other possibilities, such as the poten-
tial of structural and compositional differences be-

tween ultrathin and thicker thin film material. Cross
contamination between layers is also a possibility.

The incorporation of nitrogen from the a-SiN, de-

cal constants of materials vary as a function of thick-

ness, and lastly, model development to explain any
variations observed.

The efforts, in fact, have proceeded in parallel
with ever increasing refinements., The study re-
ported here focuses specifically on evaluating the
various methods for determining the optical prop-
erties of ultrathin films and multilayers with an eye
towards the identification and development of the

appropriate optical analysis tools for ultrathin lay-
ers in multilayers.

Calculations and Effective Media Band Gaps
of Synthetic Spectra

1. Computational Approach

posit ix}to the a-Si:H layers wil.l p roduce' a material The strategy adopted here was to calculate the
:gg?ehclggﬁir kt:: I:e()icc%:g 'h;rl:i}rlg;risa;:lst(})lee‘i’rlgz?éi:;l i} reflectance (R) and transmitf;ance (T) of a series of
layers amorphous semiconductor/dielectric (a-Ge/a-SiNy)

multilayers using a standard coherent optical mul-
The formal parallels between amorphous and tilayer computation program. The choice of layers,

crystalline multilayers are not sufficient to establish their thicknesses, the number of periods and the op-
quantum confinement as the source of the blue shift tical constants of the materials used were made to
in amorphous multilayers. Phase coherence of the emulate as closely as possible to actual multilayers
carrier wavefunctions over the dimensions of the well to increase the relevance of the results to parallel ex-
is often regarded as a requirement to see quantum perimental studies. The optical constants, over the
size effects in multilayers. Amorphous materials lack required wavelength range, of the materials needed
long range order. The optical absorption proper- to generate the synthetic reflectance and transmit-
ties of a-Si alloys differ from crystalline silicon near tance traces had previously been determined from
the band edge. Many of these differences are due individual ion beam sputtered a~SiNy and a-Ge thin
to changes in transition probabilities and wavefunc- films.
tions arising from the loss of the long range order of T}, synthetic reflectance and transmittance
crystalline silicon. Can the carriers maintain suffi- traces were then analyzed by various coherent and
;:mnt Vpha‘se mt:ormatxon?m such a disordered matrix jpcoherent effective medium theoretical approaches
or quantum slkc effects? o to extract the apparent band gap of the semicondue-
It is also possible that part or all of the blue shift tor in the multilayer. Since the actual band gap of
is an artifact of optical analysis. In most studies, the the semiconductor was known, the accuracy of each
band gap has been extracted from transmission data method or approach could be evaluated by deter-
using one or another of incoherent effective media mining the apparent band gap for specific multilayer
?}?prq?céxes; ,,Ifte,,cer}xltly a few authors have addressed configurations.
the validity of such approaches. The issue, however, : i R _Si
18 not closed. The effect on band gap determination 2. Optical properties of a-Ge and a-SiNy

: fiiri,e,ito‘,the:pres.erit:e,o.f the dispersion in the refractive -~ In Fig. 1 we show a plot of \/(aE) vs. E for the
£ x;:idex f the dielectric layer have not been properly two materials used in the multilayer model. The plot

d he past. In this study it will be shown has many of the same features as the more funda-
: 5 b  mental plot of \/(e2E2) which was first introduced

the structures and prop- by Taug.!? This form of the Taug plot is the form
ptical properties, of mate- commonly used by physicists in obtaining band gaps
ult "rs;:iys’,rp, ather from thin film reflection and transmission data. The

hed intercept at the z axis is defined as the optical band
ed; 82P- ! "

al

ametric model of the optical

. Eig:ure»ljgcontains data for both aeGe‘r’a,nd a~SiNy.
The points plotted in Fig. 1 are calculated from a
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Ge/a-SiNx multilavers. In contrast to homobasis
multilayers like a-8i alloy/a-SiNx:H, in a-Ge/a-SiNy
multilayers the network in the dielectric and semi-
conductor layers are based on different elements.
The semiconducter layer is a-Ge, whereas the di-
electric layer is based on silicon. The structural
characterization of such multilayers is facilitated by
the fact that the silicon and germenium continuing
species are deposited in separate, adjacent layers.
Using Raman spectroscopy to determine the number
of adjacent, bonded silicon-germanium atoms, it is
relatively easy to measure the amount of intermixing
between layers. This aids in determining the extent
to which intermixing between layers might be the
cause for blue shifts in multilayers when such a shift
is observed. The preparation and structural charac-
terization of these ion beam sputtered multilayers is
discussed elsewhere.'3

The band gap of a-SiNy depends on details of
preparation. The a-8iNy dielectric produced by ion
beam sputtering was found to be nitrogen deficient
with the effect that the material is weakly absorbing
above 1.8 eV. This is clear in Fig. 1. This produces
absorption whiclr adds to that of a-Ge. This absorp-
tion is, however, orders of magnitude less than the
absorption of a-Ge even in the films with are mostly
SiNk.

The realistic parametric model used in gener-
ating the synthetic spectra of the present work is
rooted in the modern understanding of the opti-

500

n Energy

Photo

cal properties of amorphous tetrahedral semiconduc-
tors. The absorptance, at moderate to high values
of the absorptance, is described using the Taug law;
at low values of the absorptance an Urback Tail is
used. The dispersion in the index is modeled as a

power series in A~%, truncated after the A=% term.

Further details can be found in Ref. 14. Note, as
anticipated, that the graphical intercept matches in
both cases the band gap used in the model to the
expected accuracy of the procedure. The measured
reflectance and transmittance of ion beam sputtered
a-Ge and a-SiN, had been modeled using this para-
metric model in a previous study.!® The parameters
obtained were used in the current study. Thus the
R and T of the theoretical multilayer calculated in
the present study mimic the optical properties of
real multilayers containing a-Ge and a-SiNx have im-
portant implications for the characterization of real
multilayers discussed elsewhere.®

3. Computing theoretical reflectance and transmit-
tance data : i
The R and T for a series of multilayers was com-
puted. The multilayers consisted of 10 periods of
a-Ge/a-SiNx on a borosilicate glass substrate. The
layer against glass was amorphous germanium while
a~SiNy was the layer facing out. The optical medium
in front of the multilayer and behind the glass was
assumed to have an index of 1.00; transmission re-




flections betwee
aces were treag

tion of light i
ently.

n the substrates front and back sur-
ted incoherently while the propaga-

0 the multilayer was handled coher-

For one set of traces the thicknesses of the a-Ge
and a-SiNy films in each period were equal at 40A
ea.ch: The effect of altering the a-Ge fraction while
keepx.ng th_e Period thickness constant at 80A was
also investigated. In the most extreme case the Ge

constituted only 109% of the stack.

It is appropriate to examine the assumptions
made in deriving the commonly used form of the

Taug plot from the more fundamental Ve E2, Use
the definitions

€y = 2nk
P
4T

and
EXN=1.23Tum-eV

It can be obtained that

. 1/2
E? — (E_?%M_Cna@

Note that the simplification to v/aF involves the ap-
proximation that the refractive index, n, is nondis-
persive, that is, that n is a constant. This is found
to be a sufficiently good assumption for many amor-
phous materials. It is rare then for physicists to
take the extra effort to compute n from the mea-
sured data and factor it in point by point in prepar-
ing Taug plots to compute E;. Neglecting dispersion
where it occurs can lead to difficulties in determining
E,;. Nevertheless, its effect is usually ignored.

4. The Taug ‘Band gap of an Effective media

When the optical thickness (nd) of each of the
layers in ‘a multilayer is comparable to a quarter
of the wavelength of light strong interference can
be expected. T'he optical thickness of the layers

“in multilayers for. which a blue shift in E, are ob-
served, however, are more than a factor of twenty
- less than the wavelength of visible light (A > 4000

= S e electromagnetic field of the.
y over one period of the multilayer,
e effects arising from ultrathin lay-

Thus it appears proper
- arE provideénce and ny are constants or vary
' in su,c,h;g,‘,way,that nGe/nys remains a constant.

can be obtained point by point or as parameters for
some functional form.

In fact the reflectance and transmittance spec-
tra of the multilayer of this study, real or simulated,
resemble those of a single semiconductor il on a
substrate. Since the dielectric is transparent at the
energy band edge of the semiconductor it is rela-
tively common for researchers to extract a band gap
from the composite film and attribute it to the semi-
conductor without further qualification. It is the
appropriateness of this assignment that is being in-
vestigated,

It can be shown that in the illumination of lamel-
lar structures at normal incidence to the surface, ef-

fective medium approaches take a particularly sim-
ple form. The complex effective dielectric constant,
€7, is just the volume weighted average of € for each
of the layers.

Thus
€7 = Vge€ae + (1 — Vae)Esin
remembering that
€ =€ +teg

where
€1 =n?—k?

and
€2 = —2nk
and, similarly,
€f =e1,r tieyy
where &; is the effective complex dielectric constant

and €, and €2,7 are the real and imaginary compo-
nents respectively.

So

&if = ~Vge€i,ge + (1 — Vae)€i,sin-

ksin =0
kf = VGe‘n_ekGe
ny
Vark = /Vaenge/ns\v/ageE

~Thus, if vVeogeE obeys Taug law then so will

This ary ument thus provides the'juStiﬁéatién for
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refraction terms can be treated as constants

index Of ferh | Shi f
is, however, highly suspect for accurate, as opposed

to qualitative, determinations of the band gap.

Results and Discussion: EMT Models

The most, frequently used method of obtaining
T and R (or &) of an amorphous semiconductor al-
loys is to model R and T incoherently by, that is, to
ignore coherent thin film interference effects. Since
the presence of fringes is difficult to detect near the
band edge in the transmission spectrum of their films
with a thickness > 3000A, the common approach is
to allow for multigle reflections but to neglect con-
structive/destructive interference in the calculation
of the absorption canstant.

We have used Lwo such methods to calculate «
from a 10 period (40A/404) a-SiN, /a-Ge multilay-
ers. The first methed uses R and T simultaneously
to form the ratio (1 — R)/T. Residual interference
effects are partially eliminated in such a quantity.
The quantity is furiher manipulated to give a. The

second method uses R to calculate the effective in-
dex of the multilayer as a function of wavelength.

From the transmission, the quantity e~ is found,
which can be sol“ve;c for .15
Curves a and b

of vaF vs. E for
approach.

in Fig. 2 are, respectively, plots
y derived from each incoherent

It can be seen that the apparent intercept is 1.06
eV in both cases. Thus tlll)é) incoherent EMT ap-
proaches can produce an entirely artificial b}ue shift
in the band gap. The effect is & relativelx minor 7%,
however. We have found that this offset is relatively
constant as the thickness of the layers goes fo zero.
In contrast, for actual a-Si:H/a~SiNx:H multilayers
the thinner the layers the more pronm.mced is the
blue shift. Therefore an optical analysis blue shift
can be separated from a quanturm well blue shift.

The fact that incoherent optical modeling can
produce a blue shift, albeit relatively small, provides
impetus to do coherent optical modeling. The same
coherent fitting program that was used to determine
from R and T the optical constants of amorphous Ge
and amorphous SiNy in the a-Ge /a-SiNx multilayer
was used to compute the apparent n and k of the
synthetic multilayer treating it as a single effective
median thin film. e

Figure 3, curve g, is a Taug plot employing the
apparent a of a 40A/40A multilayer where n and
k were calculated coherently. In contrast with the
a-Ge spectra (see Fig. 1) which yields, by construc-
tion, a straight line (above the Urbach tail) on the
Taug plot, the graph of vVaE abowve the tail is not a
straight line. The line curves upward at high energy.
The effect is not significant when wvalues just above
the tail region are used. The apparent band gap is

3 T v RE vooe ¢ ¢ 7 M T

1

- 1200
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about 1.01 eV, just 2% higher than the actual E,.
When t}}e highest energy points are used in the ex-
trapolation of the band gap, however, the apparent

band gap is 1.12 €V, approximately 13% higher than
the actual band gap.

The source of the discrepancy is the curvature of
the graph. That this is due to dispersion is made
evident in curve b (Fig. 3) which uses the synthetic
R and T spectra of a 90% SiN, /10% a-Ge multilayer
to calculate an EMT «, and n. Here the curvature of
Vak is sufficient to make it difficult to define what
is the region above the tail and to throw the extrapo-

1500 T T T T T
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Solid lines are extrapolation ,/ .’
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btained with a co-
proach for synthetic a-

lated band gap as high as 1.37 eV when high energy
data is used. A key point is that if data in the 1.5
to 2.5 energy range is used, which, for a-Ge, is the
practical range to choose, the estimated band gap is
1.1V eV, only 12% higher than the actual band gap.
It is worth asking how such a nonlinear graph arises
from a multilayer which contains as the most ab-
sorbing material a-Ge when the plot of Vg E vs.
E itself is a straight line. Whereas SiN, is largely
transparent in the region of interest it influences the
apparent band gap of the composite through its in-

dex of refraction which distorts the v/oF form of the
Taug plot.

The effect of dispersion need not be a serious
complications for most quantum well studies. Multi-
layers which are 80% dielectric (a-SiNy, for example)
and only 10% semiconductor (a-Ge or a-Si:H) repre-

sent extreme cases. In most films where evidences of
quantum confinement effects have been claimed, the

relative partitioning was closer to 50:50. While dis-
persion in the index of the dielectric component even
for 50:50 multilayers does have an influence on the
apparent band gap which must not be ignored for
quantitative comparisons, the effect is smaller than
the shifts in band gap in many cases. It is, therefore,
not possible to discount all of the blue shift observed
to optical analysis effects.

On the other hand, optical analysis effects must
not be ignored. While incoherent models might still
be favored for qualitative work because the calcula-
tions require minimal computer time and no itera-
tions, the extent to which incoherent models con-
sistently missed the band gap is significant. Co-
herent modeling is required for accurate work, on
the other hand, full coherent optical modeling of the
multilayer taking into account all of the layers is not
desireable either. Such an approach can yield the
correct band gap, but is intolerably time consum-
ing and computationally demanding. Convergence
is frequently slow and false minima are a possibil-
ity. It appears that coherent effective medium opti-
cal modeling approach of the type shown is Fig. 3
are a viable alternative. The time taken in setting
up the problem and abstracting band gaps is rela-
tively modest even for desk top computers. False
minima are generally not a problem. In addition,
coherent EMT calculates band gaps which generally
differ from the actual band gap by only a few percent
even when dispersion is significant. :

We have observed further that this error can })e
decreased even further by explicitly taking into ac-
count the effects due to index of refraction. This can
be done by using the E,/e; version of the Taug law

_ or forming the ratio nge/ny at all energies. Since
_the values of nge(X

ues OfnGe(A

,"1

-are generally unknown for films
lculating the ratio the values of
onal thin films can be used.
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Summary

Using the measured optical constantsof a-Geand 4
a-SiNy in multilayers we have generated synthetic R
and T data for a-Ge /a-SiNy multilayers.

These synthetic traces were analyzed by a num-

per of commonly used effective media theory (EMT) 3.

procedures to obtain the band gap of the multilayer.
Of the various approaches for obtaining band gaps
which were studied coherent FMT is particularly
ncteworthy. Whereas both incoherent effective me-
dia approaches yield a band gap about 8% high,
the coherent approach determined the band gap to
within 2-3% of the actual value (1.02 versus 0.986
eV). The coherent EMT approach requires com-
puter iteration but the procedure is compatible with g
desk top computers and is far less time consuming
than a complete coherent model which dealt with
each layer in the stalk.

Refractive index dispersion can have a large ef-
fect on the determination of the band gap in cases g
containing much less absorber than dielectrics. The
importance of this effect had not been previously
appreciated for such problems. Versions of the
Taug plot which explicitly account for dispersion
Ve2 E? should be employed when dispersion effects
are large. It appears that artifacts in optical analysis
can account for some, but not all, of the blue shift

in E; seen in amorphous multilayers. Nevertheless, 10.

data supporting a “blue shift” in a-Si:H multilayers
could be reexamined in light of this study.

11.
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