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We have studied arsenié\s) diffusion and its electrical activation in two different types of silicon
substrates: bulk Si and separation by implanted oxy@MOX) wafers. Both substrates were
implanted with a dose of 810 cm? As* at 20 keV. The samples were annealed and physical
characterization was performed with secondary ion mass spectrorn®iS), Rutherford
backscattering spectrometry, and medium energy ion scattering. The electrical properties of the film
were extracted by Hall measurements. The SIMS results showed a lower dopant outdiffusion loss to
the atmosphere during annealing in the SIMOX samples. The electrical results for the SIMOX
samples were also superior to those of bulk Si due to the higher dopant retention, likely the result
of a higher concentration of vacancies, which in turn increases the relative fraction of As which is
activated(in substitutional sites The net effect was a higher sheet carrier concentration and lower
sheet resistance in the SIMOX samples. The implantation damage removal was superior in SIMOX
samples compared to bulk Si ones.28604 American Institute of Physics
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I. INTRODUCTION which can be electrically active dopants. In other words, the
diffusion of all As atoms closer than the ninth neighbor will
Silicon-on-insulatoSOI) based devices are superior to be affected by the presence of that AsV complex. Experi-
those made on bulk Si primarily because of betterments suggest that a large fraction of electrically inactive As
isolation? Of all the ways to prepare SOI substrates, Sepaatoms are either in substitutional lattice sites in the form of
ration by Implanted Oxyge(SIMOX) has received the most As clusters- or, for high dopant concentrations, coherent
attention. A wide range of SIMOX fabrication processing crystalline precipitate%z.'13 The latter are expected to be
routes have been explored with thorough characterization gfresent both in bulk Si and SIMOX, although the clusters
the SOI and Buried OXid¢BOX) layers®™® In addition to  containing vacancies should be favored in SIMOX compared
developing a general understanding of the silicon film ando bulk Si due to the higher vacancy concentration in this
BOX properties, the dopant behavior within this material istype of substrate.
also of great importance. This is particularly true for ul- In this paper we compare the As dopant behavior in bulk
trashallow junction fabrication, where highly doped, highly Si and SIMOX with special consideration of the above men-
activated, and low sheet resistance films must be obtdinedtioned effects. We have studied the dopant profiles and elec-
In this scenario, diffusion of dopants and their interactiontrical characteristics in both types of substrates before and
with defects can have drastic effects on deviceafter annealing.
performancé? It is well established that in SIMOX there are
residual point defects, mainly vacancy-oxygen compléxgs. |l. EXPERIMENTAL DETAILS

It is also known that As strongly interacts with vacancies,  1pe experiments were performed qa00) oriented
creating AgV complexes. The higher the initial As concen- p-type substrates with a resistivity of T4 cm for both bulk
tration, the faster the complex formation and the larger thesj 3nq SIMOX. Standard SIMOX substrates with a Q.20
complexeg(largern), since there are more available_As atT Si overlayer and a 0.3gm buried SiQ layer were used.
oms fo_r this process._These complexe_s are less mobile duringaive SiQ was removed in diluted HF just before ion im-
annealing than the isolated dopant itg8IfTherefore, one plantation. A$ implantation on both substrates was per-
would expect that As-doped SIMOX would show less dopant,rmed with an energy of 20keV and a dose of 5
loss to the atmosphere during annealing than bulk Si. X 10" cm?2. The samples were then processed using rapid
When bonded to a vacancy, the As atoms are electricallyyormal annealingRTA) at 1000°C for 10 s or furnace an-
inactive. Furthermore, Xie and Chen show&dhat the in- nealing(FA) at 950°C for 15 min in a nitrogen ambient.
teraction between As and a vacancy is affected by other As R therford backscattering spectrometigBS) spectra
atoms located as far away as the ninth nearest neighbQfere obtained with a 1.2 MeV Hebeam in random and
channeled(100 directions with the detector positioned at
¥Electronic mail: dalponte@if.ufrgs.br 170° from the incident beam. Additional RBS channeling

0021-8979/2004/96(12)/7388/4/$22.00 7388 © 2004 American Institute of Physics

Downloaded 20 Mar 2005 to 128.6.54.49. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1776319

J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Dalponte et al. 7389

107 ¢ . . TABLE I. Physical and electrical characteristics of As implanted with a dose
—+»—TRIM data of 5x10%cm? at 20keV in bulk Si and SIMOX after RTA
& —o— asg implanted (1000 °C/10 $ and FA(950 °C/15 min.
i —=-—8SIMOX RTA
107 | o _°_S_|M°X FA Restained dose
'?g 3 s —+—SiRTA (SIMS) Sheet Carrier  Sheet
=t [ )f ™ concentration Activation Mobility resistance
S 74 cm? % cm? % cm?/V.s  Q/0
£ 107§ SIMOX 4.7x10% 94  4.7x104 100 59 225+1
g RTA
8 SIMOX 4.4x10% 88  2.9x10% 66 73 292+1
< . FA
107 SIRTA 4.4x10“ 88  4.3x104 98 63 2312
E- Si FA 3.6x10% 72 2.7x10% 75 75 307+2
0 500 1000

Depth (Angstrom)
6 1 SIS orofiles of anted S with & d N led to a high dopant loss to the atmosphere during annealing.
FIG. 1. SIMS profiles of As implanted Si with a dose okK80* cnr at e : :
20 keV in SIMOX and bulk Si. Dopant distributions before and after an- It is interesting to note that the dopant loss in SIMOX was

nealing are presented. A TRIM profile is also shown for comparison. about half of that in bulk Sisee Table)L.
Selected physical and electrical results for the annealed

tering (MEIS) measurements utilized a*Hbeam with energy

. . ’  other columns summarize the Hall measurement data. The
of 99 keV. Backscattered ion energies were analyzed with

. : 0 . ) Activation percentage was calculated as the ratio of the sheet
high-resolution(AE/E~0.1%9 toroidal electrostatic energy carrier concentration to the retained dopant dose. The elec-

d_e tecto_r. Depth profiles of the elemgnts were obtgmgd f.ronerical characteristics are directly correlated to the dopant an-
simulations of the backscattered ion energy d'St”bUt'onnealing behavior, i.e., we observe that the SIMOX samples

BOtZ randomd and' channeling scattering geometries WeT&xhibit lower sheet resistan¢due to the higher dopant con-
used. Secondary ion mass spectromdfyMS) was per- centration than the bulk Si samples. This difference be-

formed with O, as the primary ion and an effective inciden(_:e omes more clear if we compare results for the FA samples.
energy of 3.5 keV. The samples that were used for electric ulk Si samples show higher dopant activation values, but
measurements were patterne_d by phptollthogr_aphy to creafe o the total dopant concentration is low@y ~19%,

a van der Pauw structure prior to Agnplantation. Sheet ¢, 500 1o 550 A, the net result is a lower sheet carrier

reS|stan_ce_and Hall measuremeqts were performed uSING &ncentration and a higher value of the sheet resistance. We
magnetic field of~O.$T. Currents in the range from 0.5 mA propose that this is due to the formation of Xscomplexes
to 15 'mA were applied to the As doped layer to extract th%n SIMOX. The FA samples show a more pronounced effect
electrical data. due to the longer annealing time, which allows the formation
of a larger number of these complexes. For longer annealing
times the AgV complex concentration increases as well as
IIl. RESULTS AND DISCUSSION the As fraction in them, which means increasmtf As men-
tioned previously! As atoms are electrically inactive when
Figure 1 shows the As profiles in all samples, as meabound to a vacancy. This dopant deactivation process is most
sured by SIMS, and also includes a TRIM simulated profilesignificant after the implantation damage has been removed
for the relevant incident energy. The As as-implanted profiledy annealing and when the dopants start to form complexes
in the bulk Si and SIMOX are similar, so only one of them is with vacancies and clustet$*
shown. Clearly, after annealing the As concentration is  Another interesting feature is the lower damage level in
slightly higher in the SIMOX samples than in the bulk Si the SIMOX samples after RTA compared to bulk Si, as can
ones. This effect might be caused by the presence of vacabe seen in the RBS channeled spectrum of the As peak in
cies in the SOI layer, which retain the As atoms inside theFig. 2(a). The SIMOX channeled spectrum yield is very low,
material, since it is energetically more favorable for As towhich is indicative of good As substitutionality in the Si
bind to a vacancy than to a Si atdthThe largest difference lattice of the SOI layer. In the bulk Si the yield is also low,
in the As concentration for the RTA samples19%) is lo-  but higher than in SIMOX, showing more defects in the bulk
cated at the projected range of the as-implanted profileSi samples. These defects consist of As atoms displaced from
which is a region of higher probability of As clusteriigr ~ Si lattice positions, increasing the backscattered particle
complex formatiomn due to the high dopant concentration. yield in channeling. We suggest that the As atoms in the
We can also observe dopant migration towards the surfac§IMOX samples are more easily incorporated into the lattice
mainly in the FA samples, in which the dopant concentratiorin the first moments of annealing due to the presence of
reached values above the solubility limit in the near surfaceracancies, but after longer annealing times, as we see for the
region’® The high dopant concentration on the surface alsdA samples of Fig. @), the spectra become similar. This
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FIG. 2. RBS profiles of the As peak in random and channeled directions inZ
SIMOX and bulk Si. Dopant distributions are shown after RT&) [
and FA(b). 0,5 E
shows that the lattice reconstruction process is similar for %% ——" % 95 100
both SIMOX and bulk Si, i.e., the vacancies should not play Energy (keV)

an important role for longer times or higher temperatures. X
; ; IG. 3. MEIS spectra of 20 keV Asions implanted into bulk Sisolid
The higher y|eld§ of bth channeled FA samples compared t§ymbol$ and SIMOX (open symbolsto a dose of 5 104 e and fol-
the RTA ones will be discussed below. lowed by (a) RTA and (b) FA treatments. Channeled spectra are shown as
The electrical activation of RTA samplgsee Table)  measured at a scattering angle of 125°.
was very similar in both substrates, with the SIMOX values

being slightly superior. It might be caused by the better aryms jnvolved in defects at the implantation projected range,
rangement of dopants in the Si lattice, as shown in Figh.2 4 4 depth of about 29 nigat 81 ke\j. Neither of these two
As shown earliet® in the first stage of annealing the activa- peaks are observed in the RTA SIMOX sample. This sample
tion is dominated by ion implantation damage recovery.ngs the lowest yield in the Si subsurface region, correspond-
When the damage is completely annealed out, the dopanigg to the best lattice reordering, being practically that of an
reach the maximum electrical activation. If the annealing isyndamaged sample after the annealing. The absence of the
continued longer, deactivation processes begin to dominat@econd peak in the RTA SIMOX sample confirms that the
As;V complexes and clusters start to fotfiThe As atoms  yacancies play an important role in annihilating the intersti-
involved in those defects will no longer be electrically ac-tials generated during ion implantation and annealing. In nei-
tive, explaining the lower activation measured in the FA Sl-ther of the FA samples is the distinct second peak visible;
MOX samples compared to the FA bulk Si samples. Thenowever the interstitials have diffused in the FA bulk Si
difference in the activation results between the two substratesamples, resulting in a wider Si surface peak, due to the
is attributed to the presence of excess vacancies in SIMOXarger depth distribution that occurs during the long anneal-
The MEIS spectra presented in Fig. 3 indicate that theréng time. In the FA SIMOX samples the vacancies are re-
is a significant reordering of the initially damaged Si layers.sponsible for decreasing the accumulation of interstitials.
The Si peak for the as-implanted sampi®t shown herg  The same effect is observed in the RTA SIMOX samples. In
reaches the height, characteristic of random ion incidence. Hddition, similar As peaks are observed for both FA samples,
extends to a depth o025 nm implying formation of an indicating the same level of displaced dopant atoms accumu-
amorphous Si layer. Comparison of surface Si peaks folating in the near surface region. The As surface peak is
samples after RTAFig. 3@)] and FA[Fig. 3b)] indicates  slightly lower in the RTA SIMOX sample showing better
that the damage level in the Si crystal lattice is higher in thesubstitutionality of dopants in the Si lattice.
bulk Si samples. The RTA treated bulk Si sample exhibits  Figure 4 presents RBS channeling minimum yield angu-
two additional peaks besides the surface peak. One corréar scans in th¢100) direction for unimplanted, RTA and FA
sponds to a defect layer located at a depth of about 7{atm annealed bulk Si samples. For brevity only the spectrum for
86 keV), that is, formed by interstitial Si atoms trapped dur- 0.4 MeV beam energy is shown. One can see different full
ing the annealinjd and the third peak corresponds to Si at- width at half maximumFWHMs) of the channel width, de-
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' ' ' ' ' ' ' lower than in bulk Si. The differences in dopant profile and
10 4, A% F 7 electrical activation were attributed to the presence of vacan-
o’ '\ 4 cies in the SOI film and their interaction with the As atoms.
08| * e J Also, RTA annealing is shown to be superior compared to FA
2 W\ \ A from the viewpoint of lattice reconstruction. We attribute this
5 I:'\D\" ./E/A to the formation of As clusters in FA samples due to the
S o8| \ \. // ] longer annealing time. The existence of a vacancy rich layer
E b 0.4 MeV in the SIMOX samples significantly improves damage recov-
E 04 \D\“ —e—FA i ery and dopant arrangement in the Si crystal lattice during
2 Y /1: 4 E:;‘r\n olanted thermal treatment.
02} b D/ ]
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