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Enhanced electrical activation of indium coimplanted with carbon
in a silicon substrate

H. Boudinov, J. P. de Souza,? and C. K. Saul”
Instituto de Fsica, Universidade Federal do Rio Grande do Sul, 91501-970 Porto Alegre, R.S., Brazil

(Received 14 April 1999; accepted for publication 18 August 1999

Electrical activation of In of 18%—-52% of the implanted dose<(B*cm ?) was obtained in Si
samples having a Ccoimplantation after rapid thermal annealifRTA) at 800—1000 °C for 15 s.

This electrical activation yield markedly contrasts with that in samples singly implanted with In in
which only =0.5% of the dose was activated. The following features were observed in the
coimplanted samplesi) a reverse annealing of the electrical activation in the temperature range of
800-900 °C;(ii) significant reduction of the In profile redistribution during RTA; afiidl) the
electrically activated In concentration is substantially higher than the substitutional In concentration.
These findings are discussed in terms of the interaction between C atoms and Si self-interstitials
(Si), strain compensation between C and In atoms in the Si lattice, and formation of stable In
substitutional—C substitutional acceptors centers.1999 American Institute of Physics.
[S0021-897€09)06622-7

The shrinkage of the device geometry to increase théivation and the diffusion of the coimplanted dopant atoms.
packing level in integrated circuit$Cs) demands reduction In the particular case of In doping, an acceptor level related
of the junction depths according to the scaling rdi&xten-  to the presence of carbon was found, with an ionization en-
sive studies of 0.1um metal—oxide—semiconductor field- ergy of 0.111 eV. This energy is significantly lower than that
effect transistor§MOSFETS have been carried duto test  of substitutional In in a Si matrix0.156 e\}.}* Baronet al®
their potential applications in ultralarge scale integratedattributed this acceptor level to a substitutional carbon—
(ULSI) circuits. For a channel length less than @uh, the  substitutional indium (G- Ing) pair defect.
source and drain junctions need to be as shallow as In the present study the annealing behavior of samples
30—-40 nm. single implanted with I and dually implanted with Ih and

Nowadays, a great deal of effort is undertaken in theC* are compared. It is demonstrated that a pronounced elec-
development of very shallow junction technology. Shallowtrical activation can be obtained when'liis coimplanted
n* doped layers can be conveniently obtained by low energyvith C™.
implantation of group V heavy ions, like As or Sh. However, Silicon wafers of(100) orientation ofn-type and resis-
in the case ofp-type dopants a similar approach does nottivity of 4—11 (cm were used in the experiments. Square
apply, since the column Ill heavy ions have very low solid Van der Pauw devicé$of 6 mmx 6 mm were fabricated on
solubility limits in silicon crystals’ For example, the solid the wafers labeled | and Il, using a conventional photolitog-
solubility limits for G& and Irf at 1100°C are only 4 raphy technique. Thp™ ohmic contacts were prepared with
% 10" and 0.4—2<10cm™3. Indium is known to yield a B implantation (2<10"cm 2, 50 ke\) followed by
very poor electrical activation after conventional or rapiddrive-in in an oxidizing ambient. Circle windows of 3.0 mm
thermal annealing(RTA). Values as low as 1% were diameter centered in the squares were opened in thg SiO
reported® for implanted doses of 0.5-5610%cm 2 The layer. *C* was implanted in wafer Il with a dose of
most convenienp-type dopant is boron. However, shallow 4x10cm 2 and energy of 50 keV. Subsequenthyin*
boron profiles can be realized only if the channeliagd the ~was implanted in wafers | and I, with a dose of
transient enhanced diffusioffED)® are minimized. These 5x10cm 2 at 50 keV. Both implantations were performed
requirements are best accomplished when a preamorphizat room temperatur¢RT). The mean projected range and
tion implant with heavier column IV element ions (Si  standard projected range deviation obtained frorm®’
Ge', or Sn') is performed prior to B or BF, implantation’  simulation are, respectively, 32 and 9 nm for In and 148 and

In recent years considerable attention has been devoted¥ nm for C. The C profile was made deeper than that of In
to the behavior of carbon in silicohbecause it affects vari- such that the C concentration over the In profile regions is
ous phenomena, such as defect formation kinéttésmpu-  only around 10%—-20% of the In peak concentration. The
rity gettering™? dopant activatior? etc. It is assumed that predicted’ C peak concentration is 3610?°°cm 3,
carbon atoms trap self-interstitial Si atoms JSt The re- The implanted devices were individually annealed for 15
duction of the Siconcentration influences the electrical ac-s in the temperature range of 800-1000 °C in argon atmo-

sphere using a halogen lamp RTA system. Sheet resistivity
| A . and Hall effect measurements were performed in the Van der
ectronic mail: souza@if.ufrgs.br . . . .
bpresent address: Departamento de Fisica, UFP, 81531-970, Curitiba, PRAUW devices at RT. Carrier concentrations were determined
Brazil. using a Hall scattering factor of unity €1).
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FIG. 1. RBS spectra of sample(#) and sample ll(b) in (100 aligned ] 10'A/ ! \\A-
crystal direction taken before RT&urves } or after RTA (1000 °C/15 § )

(curves 2, and in random direction after the same RTA cy@erves 3. 800 850 900 950 1000
Sample | was single implanted with'In(5x 10**cm~2 at 50 ke\j. Sample
Il was dually implanted with ¢ (4x10"®°cm™2 at 50 keV} and In" (5
X 10" cm™2 at 50 keV).

Temperature [°C]

FIG. 2. Remaining fraction of Irfa), electrical activation yield after RTA
for 15 s(b) and substitutional fraction of liic) in samples I(single im-
planted with In") and Il (dually implanted with C and In").

The In depth profiles were analyzed by Rutherford back-
scattering spectrometry employing a 900 keVHebeam
aligned with the(100) crystal direction(RBS/Q or in aran-  difference between the random and channeled spectra frac-
dom incidence directioiRBS). The overall energy resolu- tions gives us an evaluation of the substitutionality, since the
tion of the RBS analysis was 14 keV. substitutional In atoms do not contribute to the backscattered
Figures 1a) and Ib) show the RBS spectra of samples yield in the channeled mode. The in-diffusion of In is also
from wafers | and Il, respectively, before and after RTA atconfirmed in spectra of samples annealed at lower tempera-
1000°C. For better visualization of the In backscatteringtures(not shown.
data, after channel 350 the vertical scales were magnified 30 Channeledcurve 2 in Fig. 1b)] and randomjcurve 3 in
times. Fig. 1(b)] spectra, regarding sample 1l after RTA at 1000 °C
The RBS/C spectrum of an as implanted samgleutve  discloses the following peculiaritiegi) the recrystallization
1 in Fig. (@] demonstrates that a surface amorphous layeof the surface amorphous layer lead to a residual defect den-
of 56 nm thickness was formed by the'limplantation. The  sity below the detection limit while that of the buried layer
calculated In peak concentration is 210°°cm™3. In Fig.  resulted in a defect density of around 20% at the depth of
1(b) the corresponding spectrum for an as implanted sampl&05 nm,(ii) a reduced loss of implanted (8%), (iii) move-
Il indicates the presence of a second amorphous layer benent of the In profile toward the surface, aid) low sub-
neath the first one. This buried layer was formed by the C stitutional fraction(15%) of the remaining In concentration.
implantation and extends to a depth of 147 nm. The corresponding spectra taken in samples Il annealed at
The analysis of the channelg¢durve 2 in Fig. 1a)] and  lower temperaturegnot shown, also do not evidence any
random[curve 3 in Fig. 1a)] spectra taken from sample | signature of in-diffusion of In.
after RTA at 1000 °C, discloses the following featurés: Figure 2a) presents the remaining fraction of In in
complete recrystallization of the surface amorphous layesamples | and Il after the annealing cycles, evaluated from
with a residual defect density below the detection limit of thethe RBS and RBS/C spectra. A higher retention of the In
RBS technique(ii) 50% of the In dose has diffused inward during the annealing is clearly apparent in the curve corre-
as denoted by the reduction of the area under the In baclsponding to sample Il in Fig.(3). The lack of in-diffusion
scattering data points, andi) a low substitutional fraction and hence the higher In retention in the coimplanted
(10% of the remaining In concentration. We have performedsamples, very likely results from the trapping of By the C
integration of the indium peak area in each spectrum. Conatoms. In the absence of the C in the single implanted
sidering the area of the as-implanted peak as 100% we estamples, the Si interstitials are probably more mobile and
mated the substitutional and nonsubstitutional fractions. Theromote enhanced inward diffusion of In.
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The electrical activation yieldEAY) of In evaluated suppressed in the Tcoimplanted samples, in which practi-
from electrical measurements in the Van der Pauw devicegally the total implanted dose is retained near the surface.
from samples | and Il are presented in Figb)2 The en-  Furthermore, a reduced profile redistribution was observed.
hancement of the EAY caused by thé €oimplantation is The EAY of In in the C coimplanted samples is en-
remarkable. While the EAY values in single implanted de-hanced up to two orders of magnitude, compared to that in
vices are=0.5% irrespectively of the RTA temperature, single implanted samples. RBS/C analysis of coimplanted
those in the coimplanted sample are in the range of 18%-samples provided evidence that most of the electrically acti-
52%. It is interesting to note a reverse annealing of the EAYated In atoms are not on regular substitutional lattice sites.
in the coimplanted devices over the temperature range ofhe activation of nonsubstitutional In atoms probably results
800-900 °C. The causes of this reverse annealing are unclegpm the formation of acceptor In—C defects, with In and C
at present. The Hall mobility values varied in the range ofatoms residing on near substitutional lattice sites. A reverse

14-83 cnf/(V's) in the coimplanted samples. annealing of the In activation was disclosed in the tempera-
Figure Zc) presents the substitutional fraction of the In ture range of 800—900 °C.
concentration after the RTA cycles. This fraction in devices _ . .
of sample Il decreases linearly from 28% at 800 °C to 10% at ~ This work was partially supported by Conselho Nacional
1000 °C. Comparing EAY values from Fig( and substi- de Pesquisa€CNPq and Financiadora de Estudos e Projetos
tutional fraction of In concentration from Fig(@, concern-  (FINEP).
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