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ABsTRK-r

We have investigated the dependence of electrical and material properties of buried
CoS~ layers cm Co+ ht@amation snd annealing conditiotts. ~ne results indicated that the
electrical rcsiativity and crystalline quality of tlw implanted buried CoS~ layera depend strongly
on the implantation temperature. CoS~ layers with dw lowest rcsistivity and best ctystalh.ne
quality (~ as low as 3.6%) were obtained from samples implanted at 300°C4K)0C.
Implarttstion at higher tetttperatttms(e.g., S80’C) produced cobalt disilicide layers with
significantly higher electrical resistivity and ● ~ of ●bout 10.7%.

lNTRODUCllON

Series-connected vertical multifunctioncells [1-7] comprised of CoSi#wSi/p-Si/CoSia
heterostructurcs, with highly conductive buried CoSi2layers as irttcrccmnccts,may be fabricated
using high energy CO*implanmtion and annealing, and a doped-Si ephaxial grovnh process.
These structures may be used efficiently as photovohak energy ccmvmcrs for high power
density 1.06 pm output of a Nd:Yag her. Two important considerations for fdxicating such
structures are: a) the crystalline quality of the CoSil ldyer and its electrical conductivity, and
b) the growth of high quality doped epitaxiel silicon for high efficiency pn junction cells.
Therefore, evaluation of the rcsistivity of CoS~ layers produced by various ion implantation
mndannealing processes, and the quality of the contact these layers form with the adjaccm p-
type and n-type silicon, is necessary.

In recent years, cobalt disilicide by ion implantation has been studied by a number of
authors [8- 10]. In the present work, we have prirnuil y studied the effect of implantation md
annealing temperatureson the fwnmon of burledCoSi2 layers, because ti a device SSPCCIt
a low-temperatureprocess is desirable. Thc tnaterial quslity utd the electrical propcnics of the
implanted layers have’ been evduatcd using different characterization techniq~es. Our
experimental results indicate thal high quality CoS~ layers with low electrical rcsisti~lty,
suitable f~r usage as buried conductors far series connected vertical muhijunction cells, tray
be fabricated using an ion implantation ml annealing process.

EXPERIMENTAL PROCEDURE

Cohah was implanted hto four-inch Si( 100) substrates with doses ranging from 1 x 10“
to !l x ]0” Co”/cm’ al energies rar~ing from 160 to 190 keV and barn currents from 200 to

700 m.A, Implanti:ion tempmturcs ranged I%rn 290”C to 580°C, The implantations were
performed using ● Varian DF4 medium current irnplantcr, a Varian 2(XL1000 mass analyzed
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irnplartterand an Eaton NV 10-160 beam generator joined to a specially-designed endsratlon
Pieces of each wafer were then annealed for one to eight hours at temperatures ra.ngmg from
700 to 1000’C in an N2 ambient.

As-implanteJ and annealed samples were analyzed by Rutherford backscauenng
spectroscopy (RBS/channeling), X-ray di.ffractometq (XRD), extended X-ray absorption fmc
structure (EXAFS) analysis [11], and cross-sectional msnsmissht electron microscopy (XfEIU )
The electrical resiativity of as-implanted and annealed samples was rtwasured in vacuum at
temperatures ranging born 150°K to 295°K using a variable t~nwure conducnvlry
measurement system (VT’CMS),which includes a collinear four-point pro~ moumed on a free-
standing cold plate in a vacuum chamber. A direct current was passed through the sample, and
the resulting potential difference wss measured as a function of temperature using an
electrometer. All meters, including themmcouple md vacuum gauge meters, were compuw-
cormolled.

EXPERIMENTAL RESULTS

We have extensively investigated Co” irnplmtation into Si ●l temperatures of 200°C-
580°C. Here, we discuss only results of implantationscarried out at 580°C and at 300°C- .
4oo”c.

Imtdawation at 580°~

Figure 1 cornparcs the measured electrical resistivity as a function of temperature, in
the 150°K-2950K rmgc, for as-implanted and annealed pieces of a Co”-implanted S1 wafer,
The high resistivity of the as-implanted sample is tdated to the damage (Figure 2) and the lack
of stoichiotttctty for the buried CoS~ layer. The RBS results (Figure 3) indicated that tk
Co:Si ratio for the xArttplan~ed sarnpl,. is much less ~han 1:2. :. tlw other hand, the X-ray,
electron diffraction and EXAFS results indicated the existence of the CoSia phase. Therefore,
we believe that the buried layer consists of Si as well as CoSi2 microcrystals, Upon annealing,
cobalt moves from greaterdepths, as well as from the near surface qion, m the wea of peak
cobalt concentration to fomri a continuous uniform CoS~ layer. When a contimous buried
layer forms, the resistivity of the sample is reduced by more than art order of magnitude

XTEM of a sample annealed for two hours at 700°C (Figure 4a) indicated a large
number of threading dislocations in the silicon top Iayer, The top interface of the CoSil
exhibited 100A of rou@ness but WM generally well-defined, Within the subsuate. a defect
region containing a tangle of dislocations extended ZX)CIA below the CoSia, and end-of-range
damage in the form of dislocation loops is obsemed at a depth of Y)(IOA below the CoS~. l%c
lower interface of the CoS~ is well defined, but rmrmrousfaceted peaks e~tendeclup from the
silicon substrate, Variations observed irr the CoSi2 layer thickness resulted Iargcly from the
inegular IOWCIinterface.

Figure 3 compares the R.BSdepth profile of cobalt for the ~+implanted sample and the
samples annealed for different periods of time a! 700°C and 900°C. As shown, only a shcht
Co dift’usion occurs after annealing for two hours at 700”C. However, this annealing schedule
resulted in a significant decrwe (by shut one cmler of magnitude) in the electrical resist lvlty
as compwed to the as-implanted sarnpk, The sample annealed for four hours at 700°C showed
wcn lower resistivity As shown in Fi~urc 3, a !hin CoSia layer forms after attneding for four
hours. and the cobalt @ distribution ●t each interface becomes very distinct.

XIWM of the mrttplc annealed at 900UC(Figure 4b) indicated a layered sttuctum su-ndar
to that of the sample annealed at 700°C. The RBS results showed a atnichiomctric COS1:
buried layer, The resist ivity and channeling tesults (Figure 5) indicated e large decre~w in Ihc
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Figure 1 Comparison #measured Avwrical resisririty as a functiou of temprratwc for
os.implonttd and awwokl piwes of a Si uwfcr implanted with Co” at 58(W .
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rcsistiviry after annealing for two hours at 9006C. A sample annealed at 10OO°C for mrc hour
had a resistivity very similar to that of the 900°C-annealed sample, This suggesI\ Ih;ll
annealing above 9WC das not change the electrical properties of the silicide layer. and als~)
that the integrity of the sample temains intact for temperatures up to 1000”C.

Low Ternuerature lmulantaticm (30040°CJ

We implanted several four-inch Si wafers with a dose of 2 x 101’Co+/cmzat i 60 key.
The implantation was carried out at a temperature of about 300°C and a finishing temperature
of about 400°c - from a device fabrication ~s~ct, it is important to develop a process which
will result in high qu?lity matetml while requiring a low temperature process. ?lw RBS
profiles of cobalt in ~he as-implanted ●nd annealed samples uc shown in Figure 6. The
resistivity of the aa-ixrtplantcd sample described above is about 27 ohm-cm. almost 10 times
lower than that of the sample implanted at 580°C. This lower resis!ivity cun k bcttci
understood by examining the RBS and channeling spectra of the samples implanted at the
lower temperature (Figure 7). TIMCo:Si ratio of the as-implanted sample is very close to that
of bulk COSia , aml the CoSi+Si intetiaces appear to be very sharp and well -deftncd. ~ for
Co is about 13.4%. After annesling for two hours at 700°C and 900°C. very little
redistributeion of cobalt has occurred. The resistivity, however, is reduced by a factor of 2.5 “
when the sample is annealed for two hours at 700WCas cotnpared to the aa-impharttedsample.
h is important to note that no difference in the resistivity of dvc samples as a function of
annealing time or temperature was observed. within experimentalerror (Figure 8).

The above results indiurntethat mnealing at 700°C for two hours is sufficient to fcrt,~
a Si/CoSi+Si heteroepitaxial structure with a highly conductive CoSiz layer. h also ●ppears
that implant ation al lower tempm aturcs results in a better quality huriecl silicidc layer than
implant atIon al high temperatures became of the increased probability of a fn dispersion of
precipit atcs. During the pust-implantat ion anneal, these small precipitates facilitate thr

formation of a continuous, uniform buried silicidc layer, XTEM of a typical sample implanted
at low temperatures (aboul WO-WO°C’ ) (FiCurc 9 ~ showed the formation of high qtmhry
hctcrwpim.xiitl SiK’oS~/Si helcrosttuclurc No defects were observed at either the IOWCIor

upper COS12/SI intctface.
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DISCUSSION AND CONCLUSIONS

We have den~onstratcclk formation of a continuous, uniform CoS& layer produced b)

ion implantation at energies of 160-180 kev. followed by annealing. Our resub(. ckarl)
indicate that implantation temperature is the most important parameter influencing the final
quality of }he CoSiz layer. Comparisons of the resistiviries of samples implanted al h]gh
(s80’C) ancl low (front 300°C smrt to 400°C finish on the same sample) temperatures and
annealed under various conditions have shown that implantation at temperatures of 30W0(~°C
results in the fomlation of Ixtter quality CoSi: than implantation at 58(l°C. Cobalt implantation
at 300°C-4000C followed b~”annealing ●t 700°C was determined to be sufficient for the
formation of a continuous. uniformsillcide layer with abtuptinterfaces to the silicon layer and
a resist ivity of shout 12 ohm-centirttctetx at rcmm temperature.

~strate

.
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CoS~ layer formation in silicon appars to lx very similar to the forma[ion of SiO:
layers in silicon by implantation of oxygen. Work with the formation of buried SiO: layers
by ion implantation of oxygen [12-13] has indicated that two processes are in com~~lt Ion
duringoxygen implantation. ‘1’be are the nucleation and the growth of precipitates, DUC ICI

increased darnage at low temperatures, the probability of nucleation is higher than the
probability of growth. The increase in damage sites enhances trapping of ions and thus
nucleation. On the otlwr harul, ●t higher ternperatutts implanted ions tii.fiuse rapidly and assLst
in the @rowth of already formed precipitates. The implantation of oxygen at low temperatures
results in t5e fw dispersion of precipitates. This simplifks the formation of a uniform and
continuous buried layer duxirtg subsequent high temperature anrding.

For cobalt silicide formation by implantation of Co+, high temperature implantation
appears to result in the formation of large precipitates. As indicated by RBS/charKIeling and
resistiviry data for samples implanted ●t 580°C, a higher amealing temperature and longer
anneal rime is required to form ● continuous b@ed layer. Beginning intplmtation at a lower
temprarure (300°C) encourages nucleation of a b d,ispaion of CoS~ precipitates. and
completing implantation at a higher tertqKrarure (400°C) reduces the probability of defec[
formation in tk silicon top layer.
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