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Abstract. We explore inherent characteristics of Tauc-Lorentz (TL) dielectric function model [Appl. Phys.
Lett. 69, 371 (1996)] on the basis of relevant optical-constant data in the literature. It is found that
the (single or multiple) TL model is strongly related to the one-oscillator Wemple-DiDomenico (WD)
model [Phys. Rev. B 3, 1338 (1971)]. New physical significance has been attached to the transition energy
parameter of the TL model in terms of the WD model. We have also attempted to extend the applications
of the TL model to evaluating specific bond density in various semiconductors, proposing a criterion
for judging whether the quantum size effect is prominent or not within crystalline/amorphous mixed-
phase materials, and obtaining information about mass density and coordination number of the samples
investigated. These perspectives directly provide the possibility of deeper and wider usage of the TL model
in many other covalent and ionic materials.

PACS. 78.20.Bh Theory, models, and numerical simulation – 78.20.Ci Optical constants (includ-
ing refractive index, complex dielectric constant, absorption, reflection and transmission coefficients,
emissivity)

It is well known that dielectric function models are
crucial in extracting optical constants (refractive in-
dex n and extinction coefficient k) of a substance as
a function of photon energy (E) from optical trans-
mission/reflection or spectroscopic ellipsometry measure-
ments. The Tauc-Lorentz (TL) model [1], which was firstly
but empirically proposed by Jellison and Modine in 1996,
can overcome some intrinsic shortcomings of its coun-
terpart, i.e., Forouhi-Bloomer (FB) model [2], and has
been currently employed for several kinds of amorphous
[3–9], polycrystalline [10,11], and crystalline/amorphous
(c−/a−) mixed-phase materials [12–14]. Its imaginary part
of dielectric function ε2TL(E) is established through mul-
tiplying the equation of the classical Lorentz oscillator by
the expression of the Tauc joint density of states [1]:

ε2TL(E) = 2n(E)k(E)

=






ATLE0T LCTL(E−ETL)2

(E2−E2
0T L)2+C2

TLE2 · 1
E , E > ETL,

0, E ≤ ETL.
(1)

The real part of the dielectric function [ε1TL(E) =
n2(E)−k2(E)] is obtained by Kramers-Kronig integration.
There are five fitting parameters in the above sin-
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gle TL model [1,13]: the transition-matrix-element re-
lated ATL, transition energy E0TL, broadening parame-
ter CTL, band gap ETL, and constant ε1∞ (appearing
in the expanded form of ε1TL). The multiple TL model
which is the sum of several single-TL terms, e.g., dou-
ble TL (2TL) [10,11], generally corresponds to multi-
transitions. People are used to extracting optical con-
stants of semiconductors and dielectrics by means of the
TL model, but pay little attention to its inherent charac-
teristics and further applications.

It should be noted that the TL model includes only in-
terband transitions; any defect absorption, intraband ab-
sorption, or Urbach tail absorption is explicitly ignored
in it [1]. Four modified versions of the TL model have
been proposed so far to remedy some of its limitations,
i.e., generalized TL expression [15], TL with the inclusion
of Urbach tail (denoted as TLU model) [16], TLU model
with the assumption of continuous first derivative of di-
electric function [17], and TL model with empirical ex-
tension of the non-zero ε2TL(E) to the whole spectral
range [13]. However, due to the empirical nature of the
TL model, the single or multiple TL models without any
modifications are usually capable to reproduce the experi-
mental data very well even below the optical band gap (see
Refs. [1,5,6,10,11] for supporting examples). This is be-
cause that the components of Lorentz oscillator and Tauc
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Fig. 1. Plots of factor (n2 − 1)−1 versus E2 for the subgap re-
fractive indices n (open circles: yielded by the single TL model;
dashed curves: yielded by the FB model; dotted curves: yielded
by the double TL model; solid lines: linear fits) of various semi-
conductors and dielectrics.

joint density of states in ε2TL(E) may describe the below-
band-gap and above-band-gap absorption, respectively.
The tradeoff between these two components results in the
reduction of the nominal band gap ETL (TL gap) relative
to the true optical band gap Eg, when the TL model fits
to real data. The absorption below Eg is actually embod-
ied within the photon energy range between ETL and Eg

to some extent. The TL gap is thus a mathematical gap
rather than a real physical one. Nevertheless, as compared
with the FB model, the TL model can reflect more cor-
rect optical responses of matter, especially the “subgap”
(mainly below Eg, sometimes below E0TL) refractive in-
dex, which has been scarcely realized so far to provide
insights into material microstructure.

In this article, we examine the subgap refractive-index
behavior (magnitude and dispersion) deduced from the
TL fitting parameters available in the literature and find
that the TL model is strongly related to the one-oscillator
Wemple-DiDomenico (WD) model [18] through which we
obtain information about the material microstructure.
New physical significance within the TL model can thus be
revealed; deeper and wider applications of the TL model
are possible to be extended and predicted.

Figure 1 shows typically the TL-yielded subgap n(E)
(open circles and dotted curves) plotted by way of
1/(n2 − 1) versus E2 for various semiconductors and di-
electrics such as a-C [3], glass [4], a-C:H [5], nitrogen-
doped a-C:H (a-CN:H) [5], high-k dielectric TiO2 [6] and
HfO2 [10], ferroelectric Bi3.25La0.75Ti3O12 (BLT) [11],
a-SiN:H [7], silicon oxynitride (SiON) [8], pure a-Si [9]
and a-Si:H [14], intrinsic [12] and B-doped [13] nanocrys-
talline Si:H (nc-Si:H), polymorphous Si:H [14] and pro-
tocrystalline Si:H (proto-Si:H) [14] films. As indicated by
good linear fits (solid lines) in Figure 1, we find that no

matter which kind of TL model has been used (i.e., sin-
gle or multiple) and no matter which kind of form the
investigated materials present (i.e., amorphous, polycrys-
talline, or c−/a− mixed-phase), all of the TL-yielded sub-
gap n(E) in these materials obey remarkably the one-
oscillator WD model of the form [18]

n2(E) − 1 = EdE0/
(
E2

0 − E2
)
, (2)

where E0 is the single oscillator energy, and Ed is the dis-
persion energy (some values of E0 and Ed for Si-based ma-
terials are listed in Table 1). In contrast, the FB-yielded
subgap n(E) (dashed curves) cannot be well described by
the WD model, as demonstrated by two examples in Fig-
ure 1, i.e., a-C and glass, whose TL-yielded subgap n(E)
turn out to be consistent with their nature [19]. Thus
the refractive-index behavior which obeys strikingly the
WD model in the subgap region is believed to be inher-
ent within the TL model instead of the FB model. This
conclusion is one of the main new findings in current work
and then we are able to infer as follows: In general, sin-
gle TL corresponds to one dominant interband optical
transition, double TL corresponds to two transitions, and
so on. Since single TL model is related to one-oscillator
WD model, and multiple-oscillator WD model has been
demonstrated to be equivalent to one-effective-oscillator
WD model [18], thus any multiple TL model is always
related to one-oscillator WD model.

The origin why the TL model is strongly related
to the WD model is twofold: (i) the TL model reveals
more reliable dielectric response than the FB model in
the subgap region, where the refractive-index behavior of
large groups of matter obeys Sellmeier equation of the
form n2(E) − 1 = (A0 − 1) + B0/(C2

0 − E2), with A0,
B0 and C0 the fitting constants. E2 is generally much
less than C2

0 in the subgap region, Sellmeier equation is
thus approximately equivalent to WD expression by using
(A0 − 1)+B0/(C2

0 −E2) ≈ ((A0 − 1)C2
0 +B0)/(C2

0 −E2).
(ii) When E < Eg or when ETL is small enough as com-
pared with E, the TL model will approach the classical
Lorentz oscillator model [1], whose expression for the real
part of dielectric function ε1(E) turns out be equivalent
to the Sellmeier equation and subsequently to WD expres-
sion after using ε1(E) = n2(E) and neglecting the broad-
ening term. We adopt the WD model here rather than the
Sellmeier equation, because WD parameters have funda-
mental physical significance and can provide new insights
into the microstructure of matter [18].

Now we tentatively discuss new physical significance
implicit within the TL model in terms of the WD model.
Parameter E0 is the energy of the effective oscillator,
which is typically near the main peak of the imaginary
part of dielectric function ε2. It has been extended to mea-
sure the energy difference between the “centers of grav-
ity” of the valence and conduction bands, indicative of an
average gap of the material [20]. This average gap gives
quantitative information on the “overall” band structure,
differing from the conventional optical gap such as Tauc
gaps [1] which probes optical properties near the funda-
mental band gap of the material. In the successful usage
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Table 1. Transition energy E0TL of the single TL model and refractive-index dispersion parameters revealed by the WD model
for various silicon-based materials, together with the fitting energy ranges for equation (2).

Sample E0TL (eV) E0 (eV) Ed (eV) Energy Range (eV)

c-Si [18] – 4.0 44.4 –

Intrinsic nc-Si:H [12] 6.508 7.902 16.204 0.50–2.43

B-doped nc-Si:H [13] 3.312 3.412 31.687 0.50–1.58

pure a-Si [9] 3.40 2.873 36.404 0.50–1.11

a-Si:H [14] 50 ◦C 3.68 3.447 35.506 0.50–1.70

100 ◦C 3.66 3.498 36.791 0.50–1.70

200 ◦C 3.62 3.477 38.923 0.50–1.70

250 ◦C 3.60 3.444 41.306 0.50–1.70

proto-Si:H [14]: 93 Pa 3.69 3.636 40.804 0.50–1.80

80 Pa 3.69 3.662 39.401 0.50–1.82

53 Pa 3.78 3.669 38.657 0.50–1.82

of single TL model (usually for amorphous materials), the
transition energy parameter E0TL, which is closely compa-
rable to E0 and the peak energy of ε2, reflects such overall
band structure information. In addition, localized states
near the conduction or valence band (i.e., tail states) may
have a strong effect on the optical absorption and subse-
quently on the optical gap, whereas if they have a small
polarizability, they will increase the Urbach tail but have
little effect on the average gap [20]. In cases of multi-
ple TL model (generally for multi-transition amorphous,
polycrystalline materials), multiple E0TL parameters cor-
respond roughly to different transition energies, or even
critical points such as E1; however, we can still resort to E0

for aforementioned “overall” band structure information.

Another important WD parameter Ed, which is a mea-
sure of the strength of interband optical transitions and
nearly independent of E0, is found to follow a simple rela-
tionship Ed = βNcZaNe in a variety of crystalline covalent
and ionic solids and liquids. Nc is the coordination number
of the cation nearest neighbor to the anion, Za, Ne, β are
constants [18]. In diamond-type structure of c-Si, Nc = 4,
with E0 and Ed given in Table 1. The WD model was ex-
tended to amorphous semiconductor and glasses [19], by
proposing a relation Ea

d/Ex
d = (ρa/ρx)(Na

c /Nx
c ), where ρ

is the mass density, and a and x refer to amorphous
and crystalline forms, respectively. This relation is also
expected to retain for the mixed-phase materials like
nc-Si:H, with the possible distinction of constant β. There-
fore, Ed mainly reveals information about density and co-
ordination number.

Let us then take silicon-based materials as examples
to investigate deeper and wider applications of the TL
model in combination with the WD model. Table 1 lists
the fitted one-oscillator WD parameters E0 and Ed for
these samples via the TL-yielded subgap n(E) data. It is
evident that E0TL is closely comparable to E0 and both
exhibit nearly the same trend with the variation of growth
conditions. These observations can also give new insights

into the specific bond density of the samples. For instance,
E0TL of a-Si:H decreases with increasing the substrate
temperature Ts, implying hydrogen content CH in these
a-Si:H decreases with increasing Ts, since the Si-H bond
is known to be stronger than the Si-Si bond and hence an
increased Si-H bond density aids E0TL to increase. This
conclusion is in good agreement with the CH values ob-
tained by the accurate elastic recoil detection analysis [14].

As to c−/a− mixed-phase materials such as nc-Si:H
and proto-Si:H, where the nanocrystals (i.e., grains) are
embedded in an amorphous silicon matrix [13,14], quan-
tum size effect (QSE) may play a role in determining their
optical properties. A size-related criterion about judging
the degree of QSE was once used, asserting that the grain
size should be less than 5 nm for considerable QSE in
nc-Si:H [21]. Nevertheless, other factors like grain shape,
grain spacing, and size distribution also have a great ef-
fect on QSE, thus obscure the judgment regarding whether
the QSE is prominent or not in the sample studied. For-
tunately, based on the WD model, we can propose an-
other criterion of QSE for c−/a− mixed-phase substances
from the viewpoint of ε1(E): the reduction in subgap re-
fractive index of the material investigated is primarily as-
cribed to the average gap E0 expansion, which proves to
be interestingly equivalent to the method of reference [22].
When E0 is larger than that of c-Si (i.e., 4.0 eV) it implies
prominent QSE, otherwise it implies negligible QSE there.
E0TL of single TL model can also reveal similar qualita-
tive information about QSE, since it approximates E0.
This criterion supplies us straightforward and convenient
experience for judging the degree of QSE from either E0

or E0TL. For example, the TL-yielded E0 of 7.902 eV
for the intrinsic nc-Si:H (Table 1), which deviates signif-
icantly from that of c-Si, indicates evident QSE. This is
reasonable since the grain size of the intrinsic nc-Si:H is
only about 3.5 nm. Similarly, the single-TL-fitted E0TL of
4.643 eV in a c−/a− Si nanostructure [near the relevant
peak energy of ε2 (4.56 eV) in curve (v)] corroborates
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the theoretically-expected sizable QSE [23]. In contrast,
QSE is not evident in the B-doped nc-Si:H [13] and proto-
Si:H [14] (Tab. 1); the variation of E0 and E0TL with
growth conditions in proto-Si:H can be further correlated
with different Si-H bond densities [14].

Mass density information can be deduced from Ed. Ed

in pure a-Si and a-Si:H are obviously smaller than that in
their crystalline analog (see Tab. 1), due to their under-
coordination related to dangling bonds and density deficit
associated with voids. The TL-yielded Ed for the intrin-
sic nc-Si:H sample discussed above is strikingly less than
those of c-Si and a-Si:H, indicating large amount of voids
within the sample, since the reduction of Ed due to the
under-coordination relative to c-Si is only 3–5% even in
void-free pure a-Si [24] and negligible here. This justifies
that the intrinsic nc-Si:H sample is porous in nature [12].
Moreover, Ed of a-Si:H deposited at different Ts [14] in-
creases with Ts (Tab. 1), which is consistent with the accu-
rate density measurements in these a-Si:H thin films [14]
and can be well explained from the viewpoint of growth
mechanism: the annealing effect induced by the increase
of Ts will remove some dangling bonds and decrease the
amount of voids and hydrogen in the a-Si:H, thus resulting
in the dominant increase of the density.

Also, illustration of the variation of average coordina-
tion number Nc revealed by Ed can be found in proto-Si:H
deposited under different gas pressures P . As opposite to
the variation of E0, E0TL (Tab. 1), mass density ρ, cal-
culated crystallinity Xc and hydrogen content CH [14],
the Ed of these proto-Si:H decreases with the reduction
of P , implying the decrease of Nc with decreasing P . The
proto-Si:H can be treated as a mixture of two compo-
nents, i.e., c-Si and a-Si:H. If the amorphous phase was
under-coordinated (i.e., corresponding to dangling bonds,
Nc < 4) relative to crystalline phase (Nc = 4) in the
proto-Si:H, the increase of the average Nc with Xc would
be expected on the whole. Since this is not the case, as
indicated by the tabulated Ed together with ρ results,
it is necessary to invoke the concept of “floating bonds”
proposed by Pantelides [25] for over-coordinated defects
(Nc > 4) within the amorphous tissue of these proto-
Si:H. It can be well understood that with increasing Xc for
these films, more floating bonds would be passivated by
hydrogen during film growth, leading to the increase of CH

and the decrease of average coordination number in these
proto-Si:H films. Nevertheless, we cannot rule out the ex-
istence of dangling bonds in proto-Si:H, but think that
floating bonds appear more likely than dangling bonds
in this kind of material produced at the border line be-
tween a-Si:H and microcrystalline Si:H (µc-Si:H) [14]. No-
tice that the existence of floating bonds in a-Si is a rather
disputed problem [26] and powerful evidence for it is still
lacking. Our above statements on the one hand favor the
concept of floating bond, on the other hand suggest that
floating bonds may be experimentally detectable in the
transitional materials between a-Si:H and µc-Si:H, such
as proto-Si:H.

Finally, analogous to the FB model which has been
successfully extended to crystalline semiconductors and

dielectrics [27], we can also predict that the (single or
multiple) TL model may be applicable for optical charac-
terization and microstructure investigation of many other
covalent and ionic materials, e.g., more than 100 widely
different solids and liquids presented in references [18]
and [19], no matter fully or partially crystalline and amor-
phous, provided the refractive-index dispersion behavior
of these materials falls into the pattern described by the
WD model and their subgap optical absorption is ade-
quately small.

In summary, inherent characteristics within the
TL model have been explored based on the fact that the
TL-yielded subgap refractive index is found to obey re-
markably the WD model. Consequently, we can attach
new physical significance to the transition energy param-
eter of the TL model and gain insights into more appli-
cations of the TL model. Another criterion is proposed
for judging the degree of QSE in amorphous/crystalline
mixed-phase materials. Specific bond density, mass den-
sity, and coordination number information can also be
revealed by the TL fitting parameters in combination
with the WD model. These perspectives are favorable for
deeper and wider usage of the TL model in many other
covalent and ionic materials.
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