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Gap-states distribution of ion-implanted Si and GaAs from subgap absorption measurements
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The distribution of gap states has been obtained from subgap absorption measurements in ion-

implanted Si and GaAs layers and the changes induced by increasing the implantation ion dose have

been monitored. The variations in slope which are observed with increasing dose in the spectral region

at energies lower than the band-edge region are shown to be mainly affected by a shift of the energy posi-

tion of the peak of the calculated distributions.

INTRODUCTION

Gap states in disordered and amorphous semiconduc-
tors directly affect their optical and electron transport
properties. It is therefore most important to study the
energy distribution of such states which originate from
absence of long-range order, and also from dangling
bonds, defects, and impurities present in the material.
Extensive work has been carried out in this respect on
hydrogenated amorphous silicon (a-Si:H} using a variety
of experimental techniques such as electron spin reso-
nance, luminescence, optical absorption, photoconduc-
tivity, and conductivity measurements. ' Recently, a de-
tailed analysis of the gap density-of-states results ob-
tained from optical absorption measurements and carried
out in intrinsic and doped a-Si:H has been presented.
The results have been interpreted in terms of the enegy
position and of the width of a peaked distribution of gap
states caused by uncharged and charged dangling bonds
and impurities and have been found to be in good agree-
ment with the ones obtained previously with optical ab-
sorption measurements as well as with other techniques.

Very little has so far been reported on the gap-states
distribution associated with implantation damage in ion-
implanted semiconductors despite their extensive techno-
logical applications for integrated optics and electronics.
Subgap absorption measurements have already been re-
ported for implanted layers of GaAs (Refs. 4 and 5) and
Si, as a function of implantation temperature, ion dose,
and energy, but only empirical and/or qualitative con-
clusions could be drawn. Qualitatively similar results
have been found in the two kinds of semiconductors
despite the greater variety and complexity of defects
which arise during implantation of compound semicon-
ductors with respect to elemental ones. In particular,
two distinct regions have been observed in the absorption
spectra, one corresponding to the band-edge region and
the second one found at lower energies, both exhibiting
an exponential behavior but with strongly different values
of the logarithmic slope. Moreover, the value of such a
quantity found in the lower-energy region was observed
to decrease for increasing implantation doses, so long as
the implanted layer consisted of damaged crystalline rna-
terial, while further doses increases, which caused the irn-
planted layer to turn partially or completely amorphous,

induced an increase and a saturation of the value.
In this work we report on the gap-states energy distri-

bution obtained for ion-implanted Si and GaAs layers
from subgap absorption measurements. Due to the great
variety and complexity of the defects arising from the im-
plantation process, it will not be possible, from the
present optical absorption measurements alone, to ascribe
any given gap-states distribution to a particular kind of
defects, unlike the case of a-Si:H where the distributions
have been ascribed to uncharged and charged dangling
bonds and impurities. Nonetheless, changes occurring in
the distribution of the gap states, as a function of the im-
plantation dose, will be monitored.

RESULTS AND DISCUSSION

The optical absorption data have been obtained by
photothermal deflection spectroscopy measurements.
The experimental setup, as well as the theoretical expres-
sions adopted to obtain the absorption spectra of the im-
planted layer alone, are reported in Ref. 6. The measure-
ments have been performed on Si samples implanted at
room temperature with 100-keV Si ions and with 150-keV
P ions and on GaAs samples implanted at room tempera-
ture with 100-keV Si ions. Figure 1 shows the absorption
spectra obtained for the GaAs implanted layers. The two
distinct spectral regions exhibiting a practically linear be-
havior on the semilog plot, and therefore the exponential
energy dependence mentioned earlier on, are clearly evi-
dent in the spectra. Besides a progressive increase in the
absorption values found with increasing implantation
dose, it is shown that the slopes of the lower-energy re-
gion data curves progressively decrease for implantation
dose increase up to the value of 10' cm . For larger
doses, corresponding to which electron diffraction
analysis showed formation of amorphous material in the
implanted layer, the slope shows a substantial increase.
It is also interesting to note that the spectral region
characterized by the smaller slope extends, with increas-
ing ion dose, towards higher energies, at the expense of
the larger slope region which, for the largest doses, can
hardly be detected over the spectral region covered by
the present data. It is not, on the other hand, possible to
extend the investigations to higher energies because of
the very strong absorption of the crystalline substrate
which is typically 10 times thicker than the implanter
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FIG. 1. Subgap absorption spectra for GaAs samples im-

planted with various doses of 100-keV Si ions. The continuous
lines represent the convolution integral fit results.

FIG. 3. Subgap absorption spectra for Si samples implanted
with various doses of 150-keV P ions. The continuous lines
represent the convolution integral fit results.

layer. The results for ion-implanted Si are reported in

Figs. 2 and 3. Though with respect to GaAs a smaller
range of implantation doses below the amorphization
threshold is reported, even in the case of Si it is shown
that the value of the slope of the data curves in the region
below the band edge increases when the implanted layer
becomes amorphous. Also, the spectral region character-
ized by the smaller slope once again extends, with in-
creasing ion dose, towards higher energies, at the expense
of the larger slope region. The results are also shown to
be independent of the implanted species. The results for
the Si and GaAs implanted layers are summarized in Fig.
4 where the lower-energy region logarithmic slope EC

(p=pQe, p is the absorption coefficient and E is the
photon energy), is reported as a function of G„, the mean

energy per unit volume deposited by nuclear collision by
the implanted ions. G„=E@ld,where E is the mean en-

ergy per unit length deposited by the implanted ions, 4 is
the implantation dose, and d is the thickness of the im-

planted layer. E and d were calculated by means of a
code for the simulation of particle penetration in amor-
phous solids (TRIM Monte Carlo code ). Some of the
data shown in Fig. 4 correspond to spectra now shown in
the previous figures and the values relative to implanted
Si have been shifted vertically by 2 eV '. For both kinds
of semiconductors, the values of K initially decrease with
increasing G„and then increase and saturate once values
of G„are reached corresponding to which amorphous
material forms in the implanted layer. The dotted lines
in the present and following figures represent a guide to
the eye. 8
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The subgap optical absorption spectra reflect the con-
volution of the initial and final densities of states between
which the electronic transitions occur. The interpreta-
tion of the optical absorption spectra is thus quite com-
plex and requires certain assumptions in order to derive
information about the enegy distribution of the gap
states. In accordance with earlier work, carried out on
a:Si-H, ' ' to interpret the subgap absorption spectra we
consider only transitions from occupied localized states
above the valence-band edge E„ to unoccupied extended
states above the conduction band edge E, . %e neglect
transitions from extended valence-band states to
conduction-band tail states implying that the
conduction-band edge is sufficiently steep. This has been
verified for a:Si-H (Ref. 10) as well as for heavily doped
crystalline GaAs. " Furthermore we assume that the op-
tical matrix element for transitions from localized to ex-
tended states is constant with respect to the photon ener-
gy' and that the one from localized to localized states is
negligible. %e consider the localized states consisting of
an exponential valence-band tail distribution and a
peaked distribution of gap states. ' . Though, in fact, it
has been shown that an exponential distribution of gap
states combined with cutoff at the Fermi energy gave
comparatively good fit for undoped a:Si-H, the same
would not hold for highly doped a:Si-H. A Gaussian
distribution of gap states, on the other hand, has led to
results in agreement with ones obtained with other than
optical techniques in both undoped and doped a:Si-H.
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FIG. 2. Subgap absorption spectra for Si samples implanted
with various doses of 100-keV Si ions. The continuous lines

represent the convolution integral fit results.

FIG. 4. Logarithmic slope K of the lower-energy region of
the absorption spectra of ion-implanted GaAs and Si layers as a
function of the ion mean nuclear deposited energy density 6„.
Values for implanted Si have been shifted vertically by 2 eV

The lines represent a guide to the eye.



46 GAP-STATES DISTRIBUTION OF ION-IMPLANTED Si AND. . . 7517

Considering a parabolic distribution of conduction-band
states, the optical absorption is finally given by
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where R is a constant; E is the photon energy; c is the en-

ergy coordinate measured from E, ; N„and Eo are, re-
spectively, the valence-band tail density of states at E„
and the inverse logarithmic slope; Eg is the band gap; N„
is the density of states at the peak of gap-states Gaussian
distribution, E, the distance of its peak from E, and 2E„
its width. We assume for ion-implanted material the
same value of Eg as for the crystalhne one since we have
found that the energy position of the fundamental band
edge in the spectra of the two kinds of materials is the
same. The fitting parameters of the convolution integral
in the present work were E„,E, N, /N„, and Eo. The
results of the fitting procedure are represented by the
continuous lines in Figs. 1-3. Figure 5 shows the
changes which are observed in the gap-states distribution
parameters for increasing implantation does in the case of
implanted GaAs. Corresponding to the initial decrease
of the logarithmic slope and the subsequent increase,
shown in Fig. 4, the position of the peak first tends to
shift away from the valence-band edge and then moves
considerably towards it once the implanted layer turns
amorphous. The position of the peak strongly affects the
slope of the absorption data curve since, for example, the
shift away from the valence-band edge would enhance
lower-energy transitions with respect to larger-energy
ones, thus reducing the slope of the curve (and vice ver-
sa}. Regarding the width of the distribution, after a slight
initial increase, which would also act towards a decrease
of the slope of the curve, there is no further substantial
change which could significantly change the slope of the
curves. It thus seems that it is the peak position which
mainly affects the slopes of the curves. The results for
ion-implanted Si are shown in Fig. 6 and, as expected, are
qualitatively very similar to those of GaAs. The changes
which are induced with varying implantation does in the
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FIG. 6. Gap-states distribution peak position E, and half-
width E as a function of 6„ for Si implanted with Si ions (open
symbols) and P ions (filled symbols). The dotted line represents
a guide to the eye.

gap-states distributions are due to the changes in variety
and complexity as well as overall number of defects
which are formed in the implanted material when the ion
dose is increased. Figure 7 finally shows the ratio N„/N„
vs G„. Its increase reflects the increase of the subgap ab-
sorption values with implantation dose which is caused
by the increased number of induced defects.

We can now compare the results obtained for amor-
phous Si (a:Si) obtained by ion implantation to those rela-
tive to a:Si-H. Apart from the strongly difFerent optical
gap values (=1.7 eV for a:Si-H}, the subgap absorption
values found in implanted a:Si are much larger than the
ones found in a:Si-H. This is reflected in a considerably
larger value of N„/N„ found in implanted a:Si
[N„/N„=SX10 in heavily P-doped a:Si-H (Ref. 8)].
Both the subgap absorption values and the optical gap
value in implanted a:Si are much closer to those of eva-
porated a:Si [Es =1.23 eV (Ref. 13)]. This is due to the
absence of Si-H bonds in implanted and evaporated a:Si.

Another difFerence which appears between the absorp-
tion spectra of a:Si-H and implanted a:Si is that in the
former case, below the fundamental band-edge region,
the data show shoulder-shaped profile characterized by
an initial smooth decrease, with decreasing photon ener-
gy, followed by a steeper decrease about 0.2-0.4 eV
below the band edge, in contrast with the latter case
where the data show a uniform decrease with decreasing
energy below the band-edge region. This is also true for
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FIG. 5. Gap-states distribution peak position E, and half-

width E as a function of G„ for ion-implanted GaAs. The dot-

ted line represents a guide for the eye.
FIG. 7. N„/N, (see text) vs 6„ for ion-implanted GaAs and

Si layers. The lines represent a guide to the eye.
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implanted a:GaAs. The data profile observed in a:Si-H is
well accounted for by a distribution of gap states charac-
terized by a peak position about 1 eV below E, and a
half-width E =0. 1 eV. The uniform slope profile ob-

tained in the case of implanted a:Si is accounted for by a
peak position which is also about 1 eV below E, but by a
considerably larger width (,E =0.25 —0.3 eV).

CONCLUSIONS

We have calculated the energy distribution of gap
states induced by the ion implantation process in Si and
GaAs from subgap absorption measurements. Two dis-
tinct regions have been observed in the absorption spec-
tra, one corresponding to the band-edge region and the
second one found at lower energies, both exhibiting a
practically exponential energy dependence but with

difFerent values of the logarithmic slope. The same trend
has been found, for Si and GaAs, in the implantation
dose dependence of the lower-energy region values of the
logarithmic slope which was observed to increase for in-

creasing implantation dose when the implanted layer con-
sisted of damaged crystalline material, while further dose
increase, which caused amorphous material to form in
the implanted layer, induced a decrease in the value. The
absorption spectra have been interpreted in terms of a
peaked distribution of gap states. It has been shown that
it is mainly the energy position of the peak of the distri-
bution, rather than its width, that afFects the lower-

energy slope of the absorption spectra. As the implanta-
tion dose increases, the peak position is first observed to
shift away from the valence-band edge, but it tends to
shift considerably towards the valence-band edge when
amorphous material forms in the implanted layer.
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