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The absorption edges of P- and As-icn iwmplanted, laszer-an-
nealed thin 508 films have been measured hetween 1.5 and

3.5 e¥. The sgstrong increase in abserption reported by Jelli-
son et al. for As-doped samples has been shown teo be spuriocus.
It has nevertheless been found that these edges shift towards
the red by ~0.3 eV for either P or As doeping of concentration
B, = 2x10°! om ?. These shifts are discussed in terms of the
perturbation produced by the impurities on the band structure.

In a recent paper Jellison et al,? same for equal concentrations of either P
repcocrted ellipsometric measurements on or BAs and much less than reported in Ref, 1.
thin single crystal gilicon films produced Mevertheless a red shift slightly larger in
by implantatiecn followed by pulsed ruby the case of As than fer P (by about 10 neV
laser annealing. From these data, the room . for N, = 2 % 10%°! om %} seems to have been
temperature abscrption spectra of several observed. This difference in szshifts agrees
films, deped with As up to 3.2 x 10%! ions/ with pseudepotential calculations based on
cm® in the region between 1.5 and 4 &V were the wirtual crystal band structure of S5i-P
obhtained, A stronyg increase in the absorp- and Si-as alloys. The main shift {0.3 ev)
tion belew 2.3 eV (the lawest direct gap of is interpreted in terms of the =self-energy
5i}) was feound with increasing dopant congen- {real plus imaglnary parts) of the band
tration. This effect, which wag largely ab- electrons in the presence of the impurities.
sent for either P or B doping, was attribu- At low absorption coefficients f{u < 10% cm '}
ted to the effect of the 34 electrons of AS an enhancement of the abscrption produced
on the band structure of silicon. by As doping as compared with similar P

Because of the well-known drawbacks of doped samples, suggest a greater effective-
ellipsometric technigues in the regiocn of ness of As in inducing zero phonen indirect
small absorption, and in order to check the transitions.
results in Ref. 1, we have performed direct The samples were 10 x 10 cm (100) orien-
absorption measurements on $05 (silicon on ted 0.765 um thick commercial 505 films ma-
sapphire) films which were implanted with nufactured by Union Carbide.? The sample
either P or As ions and laser annealed with thickness was determined from the optical
an excimer laser, The transparency of the interference fringes found in the trans-
substrate and the thinness of the 505 films pission spectra using the refractive index
{0.770 um) enabled us to follow the absorp- of Ref. 3, The samples were ion implanted
tion edge of the implanted region to absorp- with As doses of 5 x 10'° cm ? {(sample 5i
tigT coefficients from *3 x 107 to 4 x t1o® (AsI)) and 2 x 10'® cm ® {(Sif{asIl)} at
ca . The observed red shift of the absorp- 350 kev and with a P dose of 5 x 106 —
tion edge with increasing doping (“0.3 eV

at 190 keV (8i(P}}. After implantaticn, the
samples were annealed with 10 nsec 0.9 Jounle/
cm'zpulses of an excimer laser (XeCl, 4 =

308 nm). Carrier densities in the implanted
layer were chtained wvia infrared reflectivity.
We have used the laecatlion of the reflectivity
minimum together with the experimental results

for the Ni = 2 x 10°Y em *) was nearly the
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doese and the thickness of the implanted layer
measured for similarly prepared films on S5i
(0.265% pym} . The reason for the low doping
eificiency can be either a precipitation .

af part of the dopant or a partial compensa-—
tion by acceptor levels such as, for instance,
vacancies,

The absaorptieon spectra were measured at
room temperature with a CARY 17D double-heanm
gpectrometer., It was assumed, in the proces-
eing of the data, that the samples were com-
posed of twe films, one heavily doped of
thickness d4 = 0.265 pm and another one unim-
planted of thickness D = 0.500 um. The thick-
ness of the doped layer was set at 0,265 um
by comparison with that observed for implan-
tation on bulk silicon. It agrees with that
expected from the projected range {0.15 um)
plus a spread of nd.l pm for the laser an-
nealing process.

We show in Figure ! the ahsorption spec-
trum measured for an unimplanted, unannealed
sample as conpared with transmission data ob-
tained for similar samples by Hulthén® and
far mechanically grgund and polished films
by Dash and Newman. The agreement between
the data of Hulthén and ours is excellent.
The data of Ref, & fall somewhat lower, a
fact which is probabkly due to lattice mis-
match strains in the 505 samples.’ We have
also plotted in this figure the data of Aspnes
and Studna obtained mainly by ellipsometric
techniques. In view of the shortcomings of
these technigques, the agreement is to be re-—
garded as good.
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Fig. 1l: Absorption spectra of pure silicon
as measured for S0O5 samples at room tempera-
ture, compared with the data of Refs. 3-5.

We present in Fig. 2 our data for the
unimplanted {pure} sample as compared with
cur results for the 3 doped sapples together
with the data of Ref. 1 for N, (as} = 4.6 =
102¢ cm ¥ These data show ¢learly that the
ellipsometric results of Ref. 1 wmust he in er-
ror. It has been recently suggested by Aspnes

et al.? that this error is likely to arise
from surface roughness in the As-implanted
samples, An indication of the spurious nature
cf the ahsorptien reported in Fig, 1 has al-
ga been obtained by means of ellipsowmetric
measurements on bulk samples6 presumably less
rough than implanted films.

The behavior observed for the absorption
spectra of our implanted samples (Fig. 2} can
be described as follows. The red shift of
0.3 eV observed at high abserption (2 x 10°
cm '] for the most heavily implanted samples
{S1i(AsI), S5i(P)) can be explained as the ef-
fect of the screened iwpurity petentials on
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the E, energy g of gilicon {3.38 eV at rocom
temperature) . This gap shifts down hg
abDut 0.15 e¥ at doping levels of 2 x 10 !

Cm 10712 It alsc broadens by ahout G.11 ev.
Since @ = 10% em at the E1 gap ¢ the data
of Figs. 1 and 2, for o = 2 x 105 cm 1, coxr-—
respond to the lower tail of the gap. They
would be expected to shift by the shift

plu= twice the broadening of the E, energy
(real plus twice the imaginary parts of the
self-energy}, i.e., by "0._.37 eV, in rather
good agreement with our results. The data

for the S5i{AsII; sample suggest a sublinear
variation of these self-energies on impuri-
ty concentration. This would agree with theo-
retical and experimental results whlch ¥Leld
self-energies proportional to N
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Fig. 2: Absorpticn spectra measured for

508 samples Si{asI}), S1{AsIXl}, 5iP, and pure
51 at room temperature, ceompared with the
data of Ref, 1 for an As-doped sample with

N, = 4.6 x to?? cm”?,

Figure 2 shows that the red shift of
the gap is 25 meV larger for Si(Asl) than
for S5i(P) although both szamples have the same
implantation dose and nearly the same free
electron concentration. This difference is,
however, small and should be checked more
carefully., We have performed pseudopotential
calculations of the virtual erystal band
structure of S1i(P}) and S5i{as) alloys using
for P, As, and S5i pseuvdopotential form fae-
tors from Hef, 13. We find for the S1{P} al-
loys the same E, gap as for pure 5i, while
the gap of the éi(AsI) alloy is red shifted
by 32 meV, in excellent agreement with our
results.

The stronger perturbation produced by
the As ateoms, with respect to P, also seems
to manifest_itself in the low absorption tail
{a < 10% cm ') of Fig. 2, Thig tail is pro-
bably due to impurity induced indirect tran-
gsitions, For the same dopant concentration
they are stronger in the case of As than for P.

We would also like to mention that Socoal*
ha= recently estimated the abscrption coeffi-
cients of samples S5i(P) and S1i{asI) at 2.41 eV
from the width of the Brillouin lines. He
finds @ £ 5 x 10' cm ' which agrees with the
results reported here.
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