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THE ELECTRONIC STRUCTURE OF HEAVILY DOPED ION IMPLANTED LASER
ANNEALED SILICON : ELLIPSOMETRIC MEASUREMENTS
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Resumé - Les structures E1 et £, des constantes optiques du silicium ont Bté

abondamment utiliskes durant Tes vingt derniédres annges pour &tudier les
gtats Blectroniques (structures de bandes) de ce semi-conducteur. Nous avens
mesuré ces structures dans Je silicium dopg type n et p par implantation
ionique et recuit au laser et dans le silicium dopk en volume en fonction de
la concentration de porteurs libres. Les mesures ont 2te réalisbes avec un
ellipsométre automatique d analyseur tournant dans le domaine 2-6 e¥. Les
structures sont déplacees vers lTe rouge et &largies avec 1'augmentation de la
concentration des porteurs, mais de fagon independante du type n ou p.

Les &chantillons implant®s et recuits conduisent 4 des résultats qui corres-
pondent 4 ceux du matériau dopg en volume. Ils nous permetient d'atteindre des
niveaux de dopage bien plus &levés que ceux du matériau dop2 en volume.

Abstract - The E1 and E2 structures in the optical constants of silicon have

been profusely used during the Tast 20 years for studying the electronic
states (band structure} of this semiconductor. We have measured these struc-
tures in bulk and ion implanted laser annealed n- and p-type silicon as a
function of carrier concentration. The measurements were performed with an
automatic rotating analyser ellipsometer in the range 2-6 eY. The structures
red-shift and broaden with increasing carrier concentration, but independently
of type.

The laser annealed samples yield results which join smoothly with those for
the bulk sampies. They enabie us to reach doping levels much higher than those
for bulk samples.

INTRODUCTION

In recent years much interest has arisen in obtaining high concentrations of impuri-
ties in semiconductors since this affects the characteristics and performances of
devices. From another point of view it 7s very interesting to study the changes in
the band structure with doping and to compare the experimental results with theore-
tical predictions. This could be done with bulk doped materials up to carrier concen-

trations of about 10°0 cm_s, for n-type Ge actually only 4 x 1012 ™3, such rela-
tively low dopings yield changes in band energies which are only of the order of ex-
perimeniat errors /1,2,3/.
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With the technigue of jon implantation and Taser annealing one can reach doping con-
centrations, one order of magnitude larger than the concentrations of electrically ac-
tive Tmpurities achievable by conventional techniques. We have measured the E

(3.4 e¥) and £,{~4.25 e¥) structures in the optical constants in pure, bulk “doped,
and implanted ]gser annealed n- and p-type $i as a function of carrier concentration.
At these high photon energies the frae carrier contributions are very small compared
te the interband effects and do not alter the positions of eritical points. Thus, di-
rect observation of the effect of high doping on the band structure and a comparison

of the effect of donors and of acceptors are possible,

EXPERIMENTAL

Silicon single crystals of various surface orientations were implanted with As at
doses ranging from 1 to 5 x 1016 u:mF2 at 100 to 350 keV, and B at doses from
1 x 10*° to 3 x 10° at 30 to 100 keV. The crystals were annealed with a XeCl exci-

mer laser at 308 nm. The beam was focused in spots of about 0.5 x 1.5 mmz. The an-
nealed surface was obtained by multiple overlapping laser spots as described in
Ref. 4.

Dielectric function spectra Z(w) = gl(w) + iez(w) were measured at room temperature

between 2 and 6 e¥ with an automatic rotating analyser ellipsometer similar to that
described by Aspnes and Studna /5/. In brief - it consists of a light source (75

X_ short-arc lamp), a 3/4 m Spex monochromator, Rechon prisms of crystal quartz as

pS]arizing elements, a photomultipiier with an $20 response as detector and mirror

optics for collimating and focusing the light. The output signal of the photomulti-
piier is digitized and later analyzed with the help of a moge1 9845 B HP computer.

The measurements were made at an angle of incidence of 67.5.

The samples were mounted in a windowless cell in flowing dry N, to minimize surface
contamination. Prior to measurement they were etched in-situ fg110wing the prescrip-
tion in Ref. 6. The treatment was repeated until real-time ellipsometric measure-
ments showed ng more changes and the highest values of ¢, at the E2 singularity were
obtained /7/. The spectra were taken immediately afterwa;ds. Pseudodielectric func-
tions were then calculated from the complex reflectance ratios using the two-phase
model /8/ in which the surface is treated as a simple plane boundary between two
homagensous media.

Some of the spectra of ion implanted samples show interference fringes in the fow
energy range up to 3 eV due to back reflection from the substrate, but this probiem
is not present in the spectral range above this energy. From the fringes we estimate
the thickness of the doped layer to be ~400 nm. The carrier concentration was deter-
mined from infrared reflection measurements.

RESULTS ARND DISCUSSION

The disorder introduced by doping with "hydrogenic® impurities shifts and broadens
the singularitfes (critical points) of the fundamental electronic spectra of semi-
conductars /1-3,9-12/. In order to compare the shifts and broadenings we calculate

3.

numerically the third derivative spectra, g_%, of the complex dielectric function
dw

with respect to the photon energy from our ellipsometric data. The results for high

resistivity Si, bulk. heavily B-doped (p = 4 x 1062° cm™3), and As-implanted (n =

3 x 1021 cm_3) samples are shown in Figure 1. The spectrum of the As-implanted sample
is enlarged by a factor of 10. The derivatives show clearly a red shift of the ener-
gies of the E, and the E, critical points from the pure to the highest doped sampie,

with a corresﬁonding incgease in their Lorentzian width, I'.



C5-205

We fitted our third derivative spectra assuming a two-dimensional minimum for the E
singularity and obtained the critical energy of this van Hove sinqularity. In order
to get a good Tit we also account for excitonic effects. Usually one assumes that the
excitonic effect mixes a critical point with another /13/. A mixture of a two dimen-
sional minimum and saddle point was used to fit the E1 data, .

For the E, singularity we have used as critical point a one-dimensional maximum. Both,

a

real and imaginary part of 9—5, were fitted.
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Fig. 1 - Third derivative spectra of e, of following Si samples: pure, B-doped

4 x 1020 o3, As-implanted 3 x 1021 cn 3.
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The results for the sample of Figure 1 are sunmarized in Table 1. The shifts are
with respect to the critical energies for the pure sample. The shifts that we ob-

tained agree with the earlier results of Ref.

9 and with similar results for

Gahs /10/.
] Si-pure - 8i . 51 _
B-doped (4x10%0 cm3) | As-doped (3x10% cm2)
In
Ey
vy | 338 3.31 3.22
E
L Ey 4.78 4.24 4.19
e |

Table 1 - Critical points energies of the Si-samples of Fig. 1.

The shifts of the critical points E1 and E2 found from measurements of many bulk and

implanted samples are shown in Fig. 2. They are plotted versus the carrier concentra-
The effect of doping becomes noticeable for concentrations

tion in a log-log scale.

above 1017 ¢ 3
those for bulk samples.
bulk samples.

. The laser annealed sampies provide doping levels much higher than

They yield results which join smoothly with those of the

The shifts were fitted to a power law dependence on the doping concentration

(aEl 2= N?}. In Fig. 2 the best fits are shown also. They yield a shift proportio-
nal to Ni for E1 and Ni0’36 for the E, singularity.
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Fig. 2 - Energies of the E1 and E2

critical puints of 5i at room tem-
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Fig. 3 - Lorentzian broadening parameters
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a N

power law.
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In Figure 3 the increases in the Lorentzien broadening parameter, I, obtained from
the line width analysis of the E, and E, critical points are shown. These inereases

are measured with respect to the Tine width of the pure sample at room temperature.
They are also plotted in a log-log scale. The broken 1ines correspond to the best

fits to a N law and yield a N10 63 dependence for E1 and a Nio‘qﬁ for E,. The re-

sults far the samples of Fig. 1 are summarized in Table 2.

Si-pure Si 5i _
B-doped (4x10°0 cn™3) | As-doped (3x10%1 em™3)
T
1 90 110 205
(mev)
T . )
1 127 180 307
(meY )

Table 2 - Lorentzian broadening parameters of the Si-samples of Fig. 1.

We should point out, however, that the widths of Fig. 3 and Table 2 depend on the
type of critical point chosen for the fit. They are smaller by nearly a factor of
two 1f a three-dimensional M, singularity is taken for the fit (this fit, however,
is slightly worse than the 1=dimensional one}.

For B-implanted 51 there is some evidence for the effect of the shrinkage of the
lattice constant with doping on the gaps /15/. It is seen as an additional blue
shift, of the order of 10 meY, of the E1 peak., This effect is not seen in the E2

structure due to the smaller pressure dependence of this gap: the pressure coeffi-
dE dE
cients of the two gaps are /14/: apl-— 5.2 x 10 e¥/bar and HPE': 2.9 x 10_6 e¥/bar.

The effect is also not seen for the other dopants due to their smaller effect on the
Tattice constant.

The Towest order contributions to the shifts of Fig. 2 arise from the change in the
"virtual crystal" potential (first order perturbation}. This term, propartional
to impurity concentration N7, contributes a nonrigid shift of the bands with no life-
time broadening. It has been astimated by pseudopotential calculations using for the
perturbation potential the antisymmetric potent1a1 of GaAs /16/. It should be noted
that this contribution should change sign going from p- to the n-type case. There is
no evidence for such an effect in Fig. 2. In additian the calculation shows this
shift to be an order of magnitude smaller than the shifts of Fig. 2.

The next term involves a second urder perturbation via a virtual intermediate state
/17/. In addition to the shift in the critical points this term produces a decrease
in lifetime (intermediate state becomes real}. From numerical eaiculations of this
term we obtain shifts and broadenings which agree with the experimental results,

The contribution of this term in the perturbation expansion to the energy shifts and

broadenings can be divided in two extreme categories: terms with large g-transfer and
with smali g-transfer to the virtual state, Because of screzning of the free carriers
{at low temperatures so that kT < E P the former yields a shift proportional to N and

the tatter a NI/ contribution. Our experimantal results fall in between, but closer
to N /3, in agreement with our caiculations /18/.
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