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Disorder and the Qytical-Absorytion Edge of Hydrogenated Amoryhous Silicon
G. D. Cody, T. Tiedje, B. Abeles, B. Brooks, and Y. Goldstein

Coxpomte Research-Science Laboratorie, Exxon Research and Engineering Company,
Linden, Nezo Jersey 07036

(Received 11 May 1981)

The effect of thermal and structural disorder on the electronic structure of hydrogen-
ated amorphous silicon is investigated by measurement of the shape of the optical
absorption edge as a function of temperature and thermal evolution of hydrogen. The
data are consistent with the idea that the thermal and structural disorder are additive,
and suggest that the disorder, rather than the hydrogen content, is the fundamental
determining factor in the optical band gap.

PACS numbers: 78.50.6e, 72.80.Ng

Exponential optical absorption edges (or Urbach
edges) are a well known feature in the optical
properties of crystalline and amorphous semicon-
ductors and insulators. ' Although there are unre-
solved details to the theory, there is general
agreement, for crystalline semiconductors, that
the width af the exponential tail is a direct meas-
ure of temperature-induced disorder and reflects
the thermal occupancy of phonon states in the
crystal. " This interpretation suggests that
amorphous semiconductors, in which there is an
additional nonthermal component to the disorder,
should exhibit a temperature-independent compo-
nent to the Urbach edge. ' To determine the rela-
tive sizes of the two components and to compare
the effects of structural and thermal disorder, we
have measured the optical absorption edge as a
function of temperature on high-density4 a-SiH„
films. We find that our data are consistent with
the interpretation that both the width of the ex-
ponential edge and the optical band gap are con-
trolled by the amount of disorder, structural and
thermal, in the network, and that hydrogen af-
fects the band gap indirectly, through its effect
on disorder. This relationship between the opti-
cal gap and the sharpness of the absorption edge
suggests that there is a fundamental tradeoff in
a-SiH„solar cells between optical absorption and
electron-hole pair extraction efficiency.

Details of film preparation and the optical meas-
urements have been given previously. ' In order
to compare the effects of structural and thermal
disorder on the absorption edge we induced struc-
tural disorder intentionally in the films by intro-
ducing dangling bonds through thermal evolution
of hydrogen. In Fig. 1 are shown optical measure-
ments as a function of photon energy, E, at T
=12.7, 151, and 2S3 K on an as-prepared film of
composition SiHo ]3 We also show data obtained
at T= 293 K on a similar film, from which hydro-
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FIG. l. Optical absorption coefficient, ~, as a func-
tion of photon energy. The solid symbols refer to data
obtained at different measurement temperatures, T~.
The open symbols refer to a film that has been iso-
chronally heated at temperature TH, as described in
the text.

2.2

gen was evolved in a stepwise manner through
isochronal heating in a vacuum at 25-C intervals
from 400 to 600 C for 30 min at a time. We note
that the absorption edge broadens and shifts to
lower energy either with increasing thermal dis-
order or with structural disorder due to the iso-
chronal heating. The exponential dependence of
a on E, for 2& 10' cm '&n(5~ 10' cm ', has
been shown in a previous paper to extend for
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FIG. 2. (a) Width of Urbach tail fZq. (1)l, Ep, as a
function of temperature. The solid points correspond
to isoabsorption; the open circles are from a least-
squares fit to Fig. 1. The curve is theoretical and is
defined in the text l Eq. (4)l. (b) Optical band gap Ez
defined by Eq. (2) as a function of temperature. The
solid points represent isoabsorption data; the open
circles represent extrapolations of Eq. (2). The
solid curve is defined in the text [Eq. (7)l.

about three and a half orders of magnitude in n. '
From Fig. 1 we draw the more general conclu-
sion that n(E, T) can be expressed by the Urbach
form'

n(E, T) =n, exp[(E-E, )/E, (T, X)],
where E,(T, X) is the width of the exponential tail,
X is an as yet to be defined parameter describing
structural disorder, and ep= 1.5 && 10' cm ' and

E, = 2.2 eV, as determined by a least-squares fit
of Eq. (1) to the data for 2x10' cm '&n &5&&10'

cm
To deduce the temperature dependence of the

optical energy gap Eo, we fitted n(E, T) outside
the exponential region (n &10' cm ') by the ex-
pression

[n(E, T)E]"= C[E —E,(T)],
where the constant C= 6.9 + 0.2 (eV pm) 'i' was
found to be independent of temperature. Equation
(2) is widely used to define the band gap in amor-

FIG. 2. Optical gap Ez(T,X) as a function of Eo(T,X)
for three samples of a-SiHp ~3 The solid and open
circles are for measurements at constant X and vari-
able T~. The solid and open triangles are for measure-
ments at constant Tz (200 E) and variable X (425&TH
( 624 C).

phous semiconductors from optical absorption
data. ' With this definition of E~, the tempera-
ture dependences of E~ and E, are shown in Fig.
2. The striking similarity between the tempera-
ture dependences of the two quantities is illus-
trated in Fig. 3 where Eo(T) is plotted against
E,(T), with temperature as a parameter. The
linear relationship between E~ and E, confirms
that their temperature dependences have the
same functional form. In addition in Fig. 3, we
show that the same relationship between E~ and
Ep continues to hold when the plot is exte nded to
include the (Eo, E,) values for a film measured
at room temperature after a progressive series
of heat treatments in which H is evolved, dis-
ordering the lattice. This relationship between
E~ and E, can be explained in terms of a simple
model which embodies the idea of the equivalence
of structural and thermal disorder.

Standard treatments of the Urbach edge in crys-
talline semiconductors" conclude that the width
of the adsorption edge Eo is proportional to (U')r,
a thermal average, like the Debye-%aller factor,
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of the square of the displacement U of the atoms
from their equilibrium positions. To include the
effect of structural disorder on E„we make the
plausible generalization that

Eo(T, X) =K[(U') r+ (U') „], (3)

where (U')„ is the contribution of structural
(topological) disorder to the mean-square devia-
tion of the atomic positions from a perfectly or-
dered configuration. As a justification of this
central hypothesis the dynamic phonon disorder
and static structural disorder, in the adiabatic
approximation, should have similar effects on the
electronic energy levels. In order to estimate
the temperature dependence of Ep we approximate
the phonon spectrum of the material by an Ein-
stein oscillator with characteristic temperature
e. For the purposes of this Letter, the Einstein
model is a good approximation to a Debye phonon
spectrum with a Debye temperature OD equal to
46/3. In this model, Eq. (3) can be expressed as

0 ~1+5 1
0'0

i 2 exp(e/T) —lg
(4)

where we have eliminated K in Eq. (3) by impos-
ing the condition that E,(T, X) -kT/o, as T-~,
with 00 an Urbach edge parameter of order unity.
In Eq. (4), X= (U')„/(U'), is a measure of the
structural disorder normalized to (U') „ the
zero-point uncertainty in the atomic positions.

To relate the temperature dependence of E,(T,
X) to E~(T), we first separate the temperature
dependence of E~ into two different components
as follows':

(5)

The first term on the right-hand side of Eq. (5)
is the explicit temperature dependence and the
second term is the implicit dependence due to
thermal expansion. The relative contribution of
the second term can be estimated from the ther-
mal expansion of crystalline Si, (aine'/BT)~= 7
&& 10 ' K ',"the measured room-temperature
value of (BE~/8T)~= (- 4.7 +0.2) && 10 ' eV/K from
Fig. 2, and the value of (BE~/&In IT) r= 1.0 ~0.5 eV
inferred from pressure measurements" on a-
SiH„and the compressibility of crystalline Si
(9.8 && 10" dyn/cm'}. '0 From these values we con-
clude that the explicit temperature dependence in
Eq. (5}is the dominant one and we neglect the
implicit thermal-expansion term [(7 +4) x 10 '
eV/K].

The explicit temperature dependence of the gap

in crystalline semiconductors can be written'

EQ(T}=Eg(0)-D((U')r- (U').),

where E~(0) is the zero-temperature optical gap
and D is a second-order deformation potential.
If Eq. (6) is generalized analogously to Eq. (3) to
include the effects of structural disorder, then
the mean-square lattice displacements in Eq. (6)
can be expressed in terms of the experimentally
measured quantity E,(T, X), and Eq. (6) can be
rewritten as follows:

(6)

E(T, X)= E( ,0)0—(U ) D(
'———7). (77

0

This relationship between the band gap and the
width of the absorption tail is in good agreement
with the experimental data, insofar as the ex-
perimentally determined model parameters are
physically reasonable, as we discuss below.

For example, the solid curve in Fig. 2(a) is a,

fit to E,(T, X) with X=2.2, o, set equal' to 1, and
0=400 K, corresponding to a Debye temperature
of 536 K, in reasonable agreement with the Debye
temperature of crystalline Si (625 K)." The
structural disorder X= 2.2 is somewhat larger
than the room-temperature thermal disorder
(2[exp(e/T) —1] ' =0.7), as might be expected.
The deformation potential D which determines the
temperature dependence of the band gap in Eq. (6)
is 30 eV/A' based on E,(0, 0}=e/2, the linear fit
to the E~ vs E, plot shown as a solid line in Fig.
3, and ( U'), 'i' =0.08 A appropriate to an oscilla-
tor with frequency ke/h. This value for D is of
the same order as similar deformation potentials
in crystalline germanium. ' The remaining unde-
termined parameter in the model, namely EG(0,
0), is obtained from a fit of Eq. (7) to the temper-
ature dependence of EG in Fig. 2(b) with the other
parameters as discussed above. The result,
E~(0, 0) = 2.0 eV, represents an upper limit for
the band gap of the a-SiH„ family of materials at
zero degrees.

The data in this Letter suggest that the optical
band gap E~(T, X) is determined by the degree of
disorder in the lattice, rather than by the H con-
tent, as is commonly assumed in the literature. "
In our model, the H affects the band gap only in-
directly through its ability to relieve strain in
the network. This conclusion is further borne
out by the fact that measurements on films with
different as-prepared H contents show practically
the same E~ and E,. We have accumulated data
on a large number of 2- p,m films whose as-pre-
pared H content was near 9%, for which the aver-
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age value of E~ is 1.70+0.01 eV and E, is 70+3
meV; films made with H content near 13/p ex-
hibited E~= 1.70 +0.03 and E, = 66 + 2 meV. The
data for all these samples fall on the line in Fig.
3 within the experimental error.

These results are important for optimization of
solar cells. The coupling of E~ to E, suggests an
unanticipated trade-off between the electrical
"quality" of a-Si:H and its optical absorption.
Sharpening of the band tails is desirable from the
viewpoint of transport since it lowers trap den-
sities as well as deep recombination centers.
However, such electrical improvement in the
material results in an increase in E~ and signifi-
cantly poorer optical absorption t If lower band
gaps are unattainable in the a-Si:H system, sub-
stantial improvements in efficiency can only come
from substantial increases in open-circuit voltage
and fill factor since the short-circuit currents
are already within 15~/o of the maximum expected
for materials with E~ = 1.72 eV.'"
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Stress-Wave Probing of Electric Field Distributions in Dielectrics
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The spatial distribution of the electric field within a dielectric sample is shown to be
obtainable ilnambiguously from the time dependence of the open-circuit voltage or short-
circuit current during the propagation of a stress wave across the sample. Experiments
in which the pressure wave is generated by the impact of a pulsed laser beam on a metal
target bonded to the dielectric plate under investigation have led to the first straightfor-
ward visualization of electric field distributions in solid dielectrics.

PACS numbers: 77.30.+d, 77.50.+p

For many years, dielectric materials have
been studied mainly by such macroscopic meth-
ods as the measurement of the complex dielec-
tric constant or the analysis of the thermally
stimulated currents. A large amount of informa-
tion is now available and has led to phenomenolog-
ical models describing the charge transport and

storage properties of dielectrics. However, it
has become increasingly clear that, in order to
understand the microscopic processes and ana-
lyze the evolution of various phenomena such as
charge storage in electrets or breakdown effects
in insulators, new approaches are necessary.
In this respect, the determination of the charge
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