
PHYSICAL REVIEW B VOLUME 52, NUMBER 3 15 JULY 1995-I

Defect-induced absorption-band-edge values in P-FeSi2
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We have acquired optical transmission data on epitaxial thin films of semiconducting iron disilicide
grown by pulsed laser deposition. Analysis of defect densities shows that values of the optical band-gap
energy are effective band gaps that are lowered from the intrinsic value by the existence of band tails in

the density of states. We propose that this inhuence may account for the wide range of optical band-gap
energies reported for this material. We also find that the energy width of the defect bands can affect the
assignment of the nature of the band-gap transition.

I. INTRQDUCTION

Semiconducting iron disilicide (P-FeSi2) has drawn
much attention in recent years. ' Investigations of the
electrical and optical properties have determined a range
of 0.7—1.38 eV for the valence- to conduction-band sepa-
ration. The intrinsic absorption edge is considered to
be caused by allowed transitions from the silicon 3p band
to the 3d band of iron. Theoretical studies of the band
structure have predicted that the forbidden transition is
indirect, ' with some disagreement on the value of the
energy difference between the direct and indirect transi-
tions. The majority of experimental findings suggest that
the transition is direct in nature. A widely accepted
value of the energy gap is 0.87 eV. Recently, separate
reports of optical absorption on samples grown by con-
ventional solid phase epitaxy' and by ion-beam syn-
thesis" presented evidence that the energy-gap transition
is indirect. The exact value and nature of the intrinsic
energy gap have yet to be determined, since all films pro-
duced to date contain structural imperfections that inev-
itably contribute to the electronic and optical properties.
Since these properties will ultimately determine the merit
of this material for electrical and optical applications, the
affects of the structural imperfections require deliberate
investigation.

It is well known that high concentrations of crystalline
imperfections or defects (e.g. , impurities, dislocations,
bond defects, or grain boundaries) in semiconductor sam-
ples, usually polycrystalline and containing small grains,
create tails in the distribution of the density of
states. ' ' The reason for this is that as the distances
between defects becomes small, their energy levels
broaden into bands. These bands then merge with the
nearest parent bands of the extended states. The results
produce an effective energy gap. An example of a re-
duced energy gap due to exponential band tailing has
been reported' for fine grain polycrystalline silicon, in
which the grain boundaries exhibit at 1.0-eV band gap
that merges with the crystal band.

Although much is known about the general structure
and epitaxy of P-FeSi2, a wide range of values of specific
physical properties has been reported. Several investiga-
tions of the optical properties ' ""' of P-FeSi2 have
been performed, all of which report the existence of
subgap absorption attributed to the presence of defect
states within the forbidden region. Deep-level transient
spectroscopy provided evidence of two defect states
with energies of 0.50 and O.S3 eV, determined to be locat-
ed near the silicon silicide interface. A recent study ' of
P-FeSi2, grown by chemical vapor deposition, reported
that despite nearly identical structural characteristics, as
measured by Rutherford backscattering, x-ray
diffraction, and transmission electron diffraction (TED),
individual samples grown at different temperatures exhib-
ited very different photoluminescence spectra. Further-
more, the results they reported differed significantly from
photoluminescence spectra taken on samples grown by
conventional solid phase epitaxy. These, as well as a re-
port of the existence of mixed phases present at the
silicon-silicide growth interface over a wide range of tem-
perature, ' suggest that a wide variety of individual
sample characteristics result from a relatively narrow set
of variations in growth parameters. Examination of the
literature reveals that similarities of specific characteris-
tics (e.g., composition, phase, epitaxy), do not necessarily
lead to agreement in the assignment of many key physical
quantities and properties (e.g., band-gap value and na-
ture, resistivity, or conduction mechanism). In this paper
we present an examination of optical-absorption data
from which we calculate the defect state density and ex-
plore its relationship with the assigned band-gap value
for samples with different grain sizes. We also discuss the
determination of the nature of the energy-gap transition
within the context of defect density.

II. SAMPLE PREPARATION

Samples were prepared by the stoichiometric codeposi-
tion of P-FeSi2 ablated from a solid iron disilicide target
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by a pulsed laser beam onto Si(111) substrates. Pulsed
laser deposition provides advantages over the convention-
al silicidation processes in that it does not require mul-
tistep deposition or interdiffusion via thermodynamic
equilibrium between the film and substrate. Since no
thermal annealing is required, we presume that no
significant consumption of the underlying silicon sub-
strate occurs. Targets of FeSiz and silicon were load-
locked into the UHV (base pressure 2 X 10 ' torr) depo-
sition chamber and were brieQy ablated to remove surface
contamination. Si(111) wafers were immersed in a 5%
solution of HF acid and deionized water for approxi-
mately 5 min, rinsed with deionized water, mounted on
Mo substrate holders and then load-locked into the depo-
sition chamber. The substrate was positioned 7 cm
directly in front of the target, and the growth tempera-
ture range was 570—630'C. Light from a KrF excimer
laser (248 nm) was focused to a spot (-2 mm ) on the
FeSi2 target at an incident angle of 45 . The incoming
beam was rastered across the surface to avoid pitting of
the targets.

We examined the substrates upon introduction to the
growth chamber using in situ reAection high-energy elec-
tron diffraction (RHEED) with a beam energy of 15 keV
and a grazing angle of about 1 directed along a Si(112)
direction. Prior to any increase in temperature, the sub-
strate exhibited a streaked 1 X 1 diffraction pattern indi-
cative of a smooth surface on a scale at least as large as
the coherence length ( —10 nm) (Ref. 26) of the incident
electrons. The silicon substrate was subsequently heated
to approximately 600'C while exposing it to a silicon Aux
of several hundred laser pulses from a silicon target. This
process produced a finely streaked 7 X 7 RHEED pattern.
Ablation of the FeSi2 target was carried out at 300—800
mJ with a 2—10-Hz repetition rate. At these repetition
rates and energies the deposition of FeSi2 ranged from
0.026 to 0.135 A/pulse. During the growth process, the
chamber pressure remained below 2 X 10 torr. The for-
mation of P-FeSi2 on the substrate results in a RHEED
pattern similar to the initial 1X1 pattern of the silicon
(111) substrate, but includes the addition of two inter-
mediate streaks. This can be explained by the orientation
of the P-FeSiz lattice which presents diff'racting planes,
parallel to the beam direction, with a separation that is
twice that of the Si substrate. This pattern is observed
throughout the entire growth, and remains after the sam-
ple is cooled to room temperature. Since we observed no
diffraction spots with RHEED during film growth, we as-
sume that there was no formation of three-dimensional is-
lands.

We grew films with thicknesses ranging from 175 to
780 A. Ex situ depth profiling by Auger spectroscopy
and argon sputtering indicated that the films contained
trace impurities of carbon and oxygen found within 30 A
of the film surfaces. Below 30 A the films were
stoichiometrically correct to within 10%, through the en-
tire thicknesses. X-ray-diffraction results confirmed that
these films are indeed orthorhombic P-FeSi2. Transmis-
sion electron diffraction performed on our samples
showed a fine grain (diameters 360—855 A) polycrystal-
line morphology. Analysis of selected area diffraction

patterns for films of various thicknesses suggests that the
epitaxial relationship is P-FeSi2 (001)llSi(111). Details of
the structural analysis of these films has been reported
elsewhere. This relationship has been previously pro-
duced by molecular-beam epitaxy (MBE), and results in
the smallest geometric misfit known for this material sys-
tem. Furthermore, there exist three equivalent rotational
variants aligned as P-FeSiz [010]llSi[110],P-FeSi2 [010]

Si [1011 and P-FeSi2 [010]IIS[o»].

III. EXPERIMENTAL METHODS AND RESULTS

The optical measurements were made using a modified
Perkin-Elmer Lambda 9 spectrometer. The spectrometer
provides a dual-beam arrangement and incorporates a
double monochromator in series in a Littrow
configuration. For the range of energy (0.5 —1.0 eV) over
which data were acquired, a PbS detector was utilized. A
tungsten-halogen lamp acts as the light source. The spec-
trometer was operated at room temperature in air. Al-
though silicon is transparent to photons with energies in
the range over which the data was acquired, we chose to
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FIG. 1. Absorption coefficients vs photon energy for P-FeSiz
grown by PLD. (a) High-gap samples and a fit to the direct-gap
model. (b) Low-gap samples. The average grain diameters are
855 and 725 for samples A and B and 360, 465, and 490 (+50) A
for samples C, D, and E, respectively.
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utilize a dual background correction function that al-
lowed subtraction of the contribution to the transmission
data by the substrate. This operation stores the correc-
tion values necessary to produce data that show the ab-
sorption in the iron disilicide film without subb and
features due to the silicon subtrate.

Owing to the high refractive index (n =5.6) of P-FeSi2
(Ref. 29) and very low values of the transmission over the
photon energy range probed, interference and reAection
eC'ects can be neglected thus allowing the simplified ex-
pression for the absorption coefficient, a= —1n(I )/r (r is
the film thickness), to be applied. The absorption
coefficient for two sets of samples are shown in Fig. 1(a)
(sample A, t =720 A; sample 8, t =780 A) and l(b) (sam-
ple C, t =175 A; sample D, t =330 A, sample E, t =500
A). We have confined our discussion to three general
features of the absorption coefficients, the specific values
of which are determined for each sample: the region
from near midgap ( -0.5 eV) to the minimum in the ab-
sorption coefficient (E ), the exponential region from
E to the assigned value of the efFective band gap (E'),
and a region a few hundred eV on either side of E~. The
exponential region is characterized by an energy-
dependent rise in a of several orders of magnitude, and
obeys Urbach's rule. There is a general agreement that
characteristic features of this region are a measure of the
structural disorder of the material. The Urbach edge
may arise as a consequence of fields associated with ion-
ized impurities, charged defects, or photon-induced
microfields. ' Although other common specific structural
features appear within the spectra, we will not attempt to
explain their origin.

a(hv)= A'(hv —Es~ —E „) (2)

in the indirect-gap case. The indirect equation contains
the energy associated with the creation of a phonon Eph.
The constants 2 and A ' are associated with specific de-
tails of the band structure. In Fig. 2, an extrapolation to
+=0 of the linear part of the absorption curves using the
above expression are made for high-gap samples A and B
and low-gap samples C —E. A tentative fit to direct as
well as indirect gaps can be made for the high-gap sample
A. The confidence with which we assign an indirect na-
ture and gap value to sample A is low. Nevertheless, the
fits of the curves in Figs. 2(a) and 2(c) show that the ab-
sorption coefficient of two separate samples can be inter-
preted in a manner that assigns an indirect nature to the

The curves (A and 8, high-gap samples) of Fig. 1(a),
clearly show minimums in the absorption coefficient be-
tween 0.5 eV and the absorption edge. The rise in the ab-
sorption coefficient as the photon energy is lowered from
E, to a at 0.5 eV, has been associated with midgap de-
fect states. ' ' %'hile it exists, E is much less apparent
in the low-gap samples, curves C, D, and E, of Fig. 1(b),
but can be identified in the numerical data. The values of
the absorption coefficients for all samples are in the
1 X 105 (cm ') range which is typical for P-FeSi2.

The nature of the band gap can be determined by
fitting the absorption data to theoretical curves that fol-
low the relationships

a(hv)= A(hv E~)'—

in the case of a solid with a direct gap, and
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energy-gap transition in one though not in the other. It
is this anomaly in our data coupled with the convicting
assignments of the nature as well as value of the band gap
thus far reported in the literature that has motivated this
work. To the best of our knowledge, assignments of the
nature and value of the gap in p-FeSi2, based on optical
absorption, have been made without extensive considera-
tion as to how the defect density may alter the shape of
the absorption curve.

The E h+E' =0.68-eV value assigned to sample A by
the fit to the indirect model Eq. (2), Fig. 2(c), is quite a bit
lower than the sum Eph+Eg 0.78 assigned to the
indirect-band gap for samples in [11]. The low-gap sam-
ples (C, D, and E) can be assigned direct-gap values as
shown in Fig. 2(b), while no indirect values can be as-
signed to these samples. The assigned energy-gap values
are listed in Table I.

It is well known that the presence of high concentra-
tions of crystalline imperfections cause band tailing that
result in an extension of the distribution of the density of
states into the forbidden energy region. Three possible
causes of band tailing have been identified by Pankove:
(1) The spatial overlap of defect energy levels broadens
into a band that merges with the nearest intrinsic band.
(2) The accommodation of defects by the lattice results in
localized strains, producing a deformation potential that
locally alters the energy gap. This effect smears the band
edges, and the effective gap is a superposition of locally
induced gap values of various energies. (3) Ionized de-
fects exert forces on the charge carriers and on the asso-
ciated band, thereby smearing the band edges. In Fig.
3(a), a simple band picture shows the cumulative effect of
the above causes. Since our samples are p type, as deter-
mined from transport experiments, this diagram
schematically represents the transitions that link delocal-
ized states in the parabolic valence band to localized
states near the conduction band. The term E' is the
value of the intrinsic energy gap to which we have as-
signed 0.84 eV for comparative purposes; it is the highest
gap value we obtained for our samples. The effective en-
ergy gap (Es) is the value we assigned to each sample
based on fits to the direct transition model Eq. (1). Es is
shown in Fig. 3 to be the result of bands formed from lo-
calized states merging with the parent bands of the in-
trinsic crystal. E is the energy value at which a

a =cz acx f 7

where af can be an exponential fit to the absorption
coefticient of the highest gap sample made in a region just
below the assigned gap energy. This fit would include the
absorption due to defects and hence the band tail associ-
ated with the density of localized states of this intrinsic
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minimum in the absorption coefficient occurs due to the
decrease in the density of localized states at energies too
far from the intrinsic band edge to merge with it. We
presume that for energies less than E there are few de-
fect states that will affect the assignment of the value or
nature of the band gap. The location of E, E', and E'
are shown in Fig. 3(b), in a schematic diagram of the ab-
sorption spectrum.

If the band gap for P-FeSiz is affected by the presence
of band tails, one would expect a positive correlation be-
tween the number of defects and the assignment, from
optical-absorption coefficients, of the value and nature of
the band gap. The excess optical absorption a,„,due to
subgap states, can be computed from

B
E
D
C

2.4X 10'

1.0X 10'
1.6X 10"
2.0X 10'
3.2X 10'

1.17

1.38
2.04
2.15
2.78

0.84 direct
0.68 indirect
0.78 direct
0.72 direct
0.72 direct
0.73 direct

TABLE I. Properties of PLD samples of P-FeSi2. No is the
calculated defect density. The surface-to-volume ratio is propor-
tional to the inverse grain diameter (d ). The energy-gap values
are taken from appropriate fits to the absorption curves.

No (cm ) Surface/Volume Optical
E thru Eg =0.84 eV ~(1/d) energy gap (eV)

Sample (10 XA ) and nature

I
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FIG. 3. (a) Simple band picture indicating band formation
from broadened energy levels ( —) of defects, and their subse-
quent merger with the parent energy bands resulting in an
effective band gap Eg. The intrinsic band gap is Eg and E is
the lowest absorbing energy near the band edge and produces a
minimum in the absorption coefficient. States usually found
near the midgap are not depicted. (b) The location of E, Eg,
and Eg are shown in a schematic diagram of the absorption
spectrum. The midgap absorption is shown here in order to
resemble an actual spectrum.
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&O=8.21 X 10 n 1

(n +2) f,j Ia,„dE, (4)

where the numerical prefactor contains the speed of light,
the mass and charge of the electron, and Planck's con-
stant; n ( =5.6) is the refractive index; and f, is the os-
cillator strength of the absorption transition. Assuming
f, =1 we ob. tain a combined prefactor of 4. 13 X 10' .
Defect densities are calculated from Eq. (4) by integrating
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sample. Alternatively, a fit determined by Eq. (1)
[af =A(hv E—g)' ] describing ideal intrinsic absorp-
tion of the highest gap sample at the band edge may be
used. Since quantitatively similar results were produced
using each fitting procedure, the following considerations
seemed appropriate. The use of the exponential fit and
subsequent subtraction would presume a near-intrinsic
character for our best sample. However, since our best
sample has a gap energy that is significantly lower than
many previously reported values, it most likely contains
defects that affect the assignment of the band-gap energy
and nature. We therefore have chosen to report results of
the second procedure, since in doing so a,„wi11include
absorption by states near the band edge of all samples.
The fit utilized is plotted in Fig. 1(a). The calculated ex-
cess absorption coefficients, Eq. (3), are shown in Figs.
4(a) and 4(b).

The defect density can be calculated from

a,„over the energy range E through E' =0.84 eV (the
highest gap value found for our samples). Equation (4)
produces the values given in Table I. These results clear-
ly distinguish the high-gap from the low-gap sample
groups.

IV. SUMMARY

Results (Table I) show much lower densities of defects
in samples that can be assigned relatively high-gap ener-
gies (Nc ~ 10' cm ) than in those assigned low-gap en-
ergies (No ) 10' cm ). By comparison, samples grown
by solid phase epitaxy with an energy-gap value of 0.85
eV were reported to contain a defect density of —10'
(cm ). The defect density we calculated for sample A,
which has nearly the same gap value, is 2.4X 10' cm
Using TEM dark field images an estimate of the average
grain size was calculated for each sample. Samples 2
and B possess very similar average grain diameters ( A,
d =855; B, d =725 A), while the grains sizes of samples
C, D, and E are sipnificantly smaller (C, d =360; D,
d =465; E, d =490 A). Assuming cylindrical geometry
for the grains, we calculated the surface-to-volume ratios
shown in Table 1, and plot these values versus defect den-
sities in Fig. 5. From the plot the correlation between the
increase in the density of defects with the increase in the
surface-to-volume ratio can be seen. This correlation
suggests that the majority of localized states exist as de-
fects at the grain boundaries. This seems reasonable,
since the grains are formed in one of three equiprobable
equivalent rotational variants that present high-index
planes to each other. The properties of the atoms in the
grain boundary are expected to be very different from
those within the grains, since the bonding configurations
are likely to be substantially modified. Further investiga-
tions such as electron-spin resonance are required to
determine the exact nature of the grain-boundary defects.

From our results it appears likely that any assignment
of a value or nature to the band-gap transition in P-FeSi2,
based on optical-absorption data, can be somewhat
presumptuous since the spectra are complicated by the
presence of high defect densities. %'e find that the
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FIG. 4. The calculated defect-related excess absorption
coefficients for (a) high-gap and (b) low-gap samples. The values
of the defect densities are given in Table I.

FIG. 5. A plot of the defect density vs the idealized cylindri-
cal grain surface-to-volume ratio ( ~ 1/diameter).
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difference between the lowest and highest effective energy
gaps in our samples is 0.12 eV, a value that is close to the
measured difference between the indirect and direct tran-
sition energy levels found for sample A (0.16 eV). Since
an assignment of an indirect nature can only be made for
sample 3 (Xo ( 1 X 10' cm ), and a fit of the indirect
model to the optical absorption of sample B
(Ko = 1 X 10' cm ) is unconvincing, we presume that a
defect density greater than 1X10' cm produces a
smearing of the band edge by an energy amount near or
greater than the difference between direct- and indirect-
gap energies in P-FeSiz. Support for this conclusion
comes from results of an optical-absorption study of P-
FeSi2 samples grown by ion-beam synthesis" that report-
ed an indirect-band gap value of 0.78 eV and a direct
value of 0.90 eV. The difference of 0.12 eV is quite near
the difference for our sample A. Although they did not
report a defect density, they did report a mobility of 104
(cm /Vs). Typical mobility values for P-FeSi2 are 1 —10
(cm /Vs). An order-of-magnitude higher mobility sug-
gests that their crystalline perfection should be higher
than films produced by PLD or by more conventional
methods.

In conclusion, we find that the existence of high defect
densities in P-FeSi2 can produce band tails with an ap-
parent energy width near the value of the measured
difference between the indirect and direct transition ener-
gy levels. The band tails merge with the parent bands,
thereby altering the intrinsic band structure, the results
of which is an assigned effective direct band-gap energy
lower than the expected intrinsic value. From our re-
sults, and others that used a variety of growth conditions
and methods, we suggest that the existence of band tails
in the density of states of P-FeSi2 and the subsequent al-
teration of the optical absorption may preclude the as-
signment of an indirect nature to the band-gap transition
in samples containing them. Furthermore, we find that
in samples with few enough defects, an indirect nature
can be assigned to the band-gap transition of 13-FeSi2, in
agreement with theoretical predictions.
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