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Raman scattering in ultraheavily doped silicon
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Raman spectroscopy has been used to study cornpositional disorder in ultraheavily doped silicon. The
disorder is characterized by line-shape asymmetry of the one-phonon mode and the scattering amplitude of
the two-phonon transverse acoustic and transverse optic modes. For implantation doses exceeding the
solubility limit, topological disorder also becomes important in determining the phonon correlation length.

Ion implantation in semiconductors has attracted a great
deal of attention in recent years, ' particularly due to device
applications of the implanted materials. The high-energy
impurity ions produce topological disorder in the host crys-
tal, which may be partially or wholly removed either by
thermal or laser annealing. In the limit of ultraheavy dop-
ing, it is possible to exceed the solubility limit by ion im-
plantation, and this produces a sort of alloy in which com-
positional disorder also exists in addition to the ordinary to-
pological disorder. Pulsed laser annealing (PLA) of the ul-
traheavily doped sample is expected to repair the radiation
damage due to the implantation process, the threshold
power for which depends upon the dosage. Consequently,
one expects to retrieve the crystalline properties of lightly or
moderately ion-implanted samples after PLA. But the cen-
tral question for ultraheavily doped samples is what happens
to the compositional disorder after PLA and how it mani-
fests itself in Raman spectroscopy.

Raman scattering " on ultraheavily doped PLA n-type Si,
N, —5&10" As ions/cm' reveals a doublet between 500
and 520 cm '. The lower-energy component of this doublet
has been attributed to a large phonon softening Ace —10
cm ' of the 520 cm ' silicon line due to many-body effects,
arising from the electron-phonon interaction between the
discrete phonon line and the continuum of virtual electronic
transitions in the conduction band of the heavily doped n-

type Si. Recently, alloying effects have also been invoked
along many-body electron-phonon interaction effects to ex-
plain this doublet.

Light scattering is one of the most powerful methods for
studying structure of disordered solids. Zone-center pho-
nons (ZCP) reflect their sensitivity to disorder by asym-
metry of the one-phonon mode as well as anharmonic ef-
fects. Zone-edge phonons, on the other hand, show up
in two-phonon Rarnan scattering and correspond to large
wave vectors, which are sensitive to short-range disorder.
The short-range order is expected to persist even in highly
disordered solids, and this would be reflected in the rather
weak overdamped two-phonon spectra.

In this paper we present a Raman spectroscopy study of
ultraheavily doped silicon as a result of ion implantation
with arsenic ions and subsequent pulsed laser annealing. It
emerges from an analysis of the asymmetry of- the one-
phonon line that this situation occurs whenever supersa-

turated substitutional alloys are formed by ion implantation
and PLA. The asymmetric line shape can be correlated to
the compositional disorder prevalent in alloys for very large
dopant concentration. This conclusion is corroborated by
the disappearance of the weak two-phonon LO and LA
combination modes and the heavy damping of the 2TA and
2TO modes. For the supersaturated alloys in which the
dopant ions exceed the solubility limit, the 2TA and the
2TO modes become overdamped leaving behind only resi-
dual scattering. For the unannealed specimens, the heavy
implantation produces amorphous silicon, which yields the
characteristic Raman spectrum of the amorphous material.

EXPERIMENTAL PROCEDURE AND RESULTS

Raman scattering experiments from ion-implanted and
PLA silicon were performed in the backscattering geometry
at room temperature using various lines of the argon-ion
laser, Ramanor double monochromator, and photon count-
ing electronics. Four silicon (100) samples, ion implanted
with different doses of arsenic at 100 keV with fluences
ranging from 10' to 6x 10i6 ions/cm2 and subsequently an-
nealed with a ruby laser with energy density —1.3-1.5
J/cm were used in this study. The doping profiles of the
samples, as measured after laser annealing by Rutherford
backscattering, were essentially flat over a depth of 0.175
p,m, falling off rapidly thereafter.

Figure 1(b) shows the Raman spectra of silicon implanted
with arsenic ions at an energy of 100 keV and fluence of
10' ions/cm and then PLA with a ruby laser with anneal-
ing energy density —1.3 J/cm . One can see that the spec-
trum is quite similar to the reference spectrum of unim-
planted silicon Fig. 1(a). There are important differences,
however, in the line shape and asymmetry of the 520 cm
line, which exhibits a tail on the low-energy side. In fact,
denoting the half-widths on the low- and high-energy side
of the maximum by I', and I'q, respectively, the ratio I,/I q

for this is about 1.44, while the line shape for the unim-
planted silicon is symmetric. The two-phonon combination
spectra remain very much the same as that for crystalline
silicon.

Increasing the fluence of implanted ions to 10' ions/cm
and then PLA further increases the asymmetry of the 520
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FIG. 1. Room-temperature backscattering Raman spectra with

the 514.5-nm laser line. (a} is the spectrum of the pure silicon
while (b), (c), (d), and (e) are the spectra of silicon samples im-
planted with arsenic atoms with fluences of 10, 10 6, 2.5X10 6,

and 6x 10 ions/cm, respectively. The spectra are arbitrarily cut
off at the top of the one-phonon line to focus attention on second-
order spectra.

cm line, as shown in Fig. 1(c), so that in this case
I', /I'q —1.75, leaving the second-order spectra more or less
the same.

The situation changes significantly on further increasing
the fluence to 2.5x10' ionslcm and PLA, when a doublet
appears between 500 and 520 cm ', with increased asym-

~AVE-NUM BER SHIFT (c~ )
FIG. 2. Room-temperature backscattering Raman spectra with

the 488-nm laser line of the same samples as in Fig. 1. Again, the
spectra are arbitrarily cut off at the top of the one-phonon line to
focus attention on second-order spectra.

metry on the low-energy side of the doublet as shown in
Fig. 1(d). Furthermore, the two-phonon combination
modes begin to appear with diminished oscillator strength
and are broader than their counterparts in crystalline silicon.
This development progresses by further increasing the flu-
ence to 6& 10'6 ions/cm2 and then PLA with annealing en-
ergy density 1.5 J/cm2. Figure 1(e) shows what happens in
this case when the structures corresponding to 2LO and
2LA scattering disappear, 1eaving behind only residual
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the asymmetry decreases on increasing the photon energy
for all the samples. Both the zone-center phonon and the
two-phon on combination 2TA and 2TO modes show
resonant Raman behavior for crystalline as well as implant-
ed and PLA samples. The 2TO combination mode shows
rapid resonance enhancement on increasing the photon en-
ergy compared to either the zone-center of 2TA modes.
The latter are damped out more rapidly as the implantation
fluence is increased: For very large fluences over the solu-
bility limit, as in Figs. 1(e) and 2(e), both the 2TA and 2TO
modes are damped out.

The corresponding spectra for the four samples men-
tioned above in the unannealed state are given in Fig. 3.
From this one can see that the spectra of heavily implanted
silicon is very similar to the spectra of the amorphous phase
of this material. No second-order spectra were seen, due to
the diffused scattering from the damaged surface of the
semiconductor as a result of heavy implantation.

DISCUSSION
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FIG. 3. Room-temperature backscattering Raman spectra with
the 514.5-nm laser line. (a), (b), (c), and (d) are the spectra of the
implanted but unannealed parts of the samples corresponding to flu-
ences of 10, 10, 2.5& 10, and 6& 10 ions/cm, respectively, of
arsenic atoms.

scattering from the 2TA and 2TO combination modes. The
asymmetry of the doublet structure is even more pro-
nounced in this case. It should be noted that the doublet
structure, which has been discussed previously, ' does not
appear in Figs. 1(c) and 1(d), since the structure has been
truncated arbitrarily to focus attention on the two-phonon
spectra.

The spectra for 514.5 nm, as given in Fig. 1, shows con-
siderable wavelength dependence as the photon energy is in-
creased to 488 nm, as shown in Fig. 2. For instance, the
relative oscillator strengths of the doublet between 500 and
520 cm ' depend upon the exciting laser wavelength: the
strength of the 510-cm ' satellite increases over the 520-
cm ' line on decreasing the wavelength, since the penetra-
tion depth decreases in this case. Furthermore, the asym-
metry parameter I,/I b of the zone-center optic phonon
mode decreases to 1.33 and 1.66 in Figs. 2(b) and 2(c),
respectively, for the 488 nm exciting photon energy, i.e.,

Very heavy implantation doses of group-III and group-V
dopants in silicon followed by pulsed laser annealing leads
to the formation of supersaturated substitutional alloys.
The degree of compositional disorder increases with the de-
gree of supersaturation in these ultraheavily doped samples.
Rutherford backscattering and ion channeling evidence
shows that most of the impurity ions go to substitutional
sites after laser annealing, which implies the existence of
long-range single-crystal order. But with increasing doping
there is compositional disorder, which affects the Raman
scattering.

The asymmetry of the zone-center one-phonon mode in
heavily doped n-type Si has been studied previously.
A long tail on the low-energy side of the resonance is seen
in this case. The Fano interaction between the phonon
(discrete) state and the inter-conduction-band electronic
(continuum) excitations has been invoked to explain the
line-shape asymmetry. The asymmetry is both wavelength
and carrier-concentration dependent: The longer the
wavelength and larger the carrier concentration, the greater
is the asymmetry. Figures 1(a) and 1(b) are very similar, as
are Figs. 2(a) and 2(b), apart from the line-shape asym-
metry, which implies that the dominant effect for silicon
samples implanted with arsenic with a fluence of 10'
ions/cm, corresponding to N, —5& 10' cm ', is the Fano
interaction, which distorts the line shape. This observation
is consistent with the wavelength dependence of the asym-
metry, since I,/I'b goes from 1 to 1.44 as X goes from 457
to 541.5 nm. In this case the effect of disorder on the line
shape is rather small.

For higher doping fluences —10' ion/cm, the effect of
compositional disorder becomes evident in the damping of
the 2TA modes, as shown in Figs. 1(c) and 2(c). This dis-
order also contributes to the distortion of the zone-center
one-phonon line along with the interference effect alluded
to before. A simple spatial correlation model has been in-
troduced recently to take into account the effect of spatial
inhomogeneity on the scattering line shapes. In this
phenomenological model, a tail emerges on the low-energy
side of the resonance as a result of the disorder. Again
I', /I'b goes from 1.28 to 1.75 as A. goes from 457.9 to 541.5
nm, implying greater line-shape asymmetry than before, due
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to the combined effects of the Pano interaction and compo-
sitional disorder.

For still higher doping fluence —2.5x10' jons/cm the
2TA structure is all but damped out, while the 2TO struc-
ture appears with much reduced oscillator strength, as
shown in Figs. 1(d) and 2(d). Zone-edge phonons, which
show up in two-phonon Raman scattering, correspond to
short wavelength displacements, which are sensitive to
structural disorder. As the coherence length of phonons de-
creases due to increasing disorder, the two-phonon Raman
amplitude becomes damped. The above-mentioned fluence
corresponds roughly to the solubility limit of arsenic atoms
implanted in silicon, and it is for this reason that there is
substantial disorder, which is reflected in the damping of

two-phonon structures.
As ihe doping is increased beyond the solubility limit, as

shown in Figs. 1(e) and 2(e), both the 2TA and 2TO com-
bination modes almost disappear, leaving behind only resi-
dual scattering. In this case there is large compositional and
topological disorder even after laser annealing, which much
reduces the phonon correlation length resulting in highly
damped two-phonon scattering.
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