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The local atomic environment of the Sb dopant in 2 and 8" ions/cnt implanted Si samples has

been studied by near grazing incidence fluorescence extended x-ray absorption fine structure at
different stages of the Sb deactivation process. The annealings were performed at high temperature
(900-1000 °¢ during various periods: 30 s—4 h. The Sb out-diffusion and the high percentage of
Sh precipitates are put into evidence especially for Sb-only implanted samples. The comparison of
the Sb and B codiffusion data with the corresponding ones obtained by the diffusion of Sb alone
revealed several anomalous effects due to dopant interaction. Moreover, a simulation program
including dopant precipitation and donor—acceptor pairing allows us to foresee most of the
anomalous phenomena occurring in high-concentration codiffusion experimentsl99®
American Institute of Physic§S0021-8976)00812-7

I. INTRODUCTION Two implantation doses have been studied: 2 and@®
The knowledge of the properties of silicon highly im- fons/cnt. In each coimplanted gample, the S.b.and B do§es
are of the same order of magnitude to maximize the coim-

planted with atoms of the groups IIl/V is of great interest for . . .
the microelectronics technology. In the case of Sb, a Complantanon effect. The SB anq B" ions have been implanted
. g . at 160 and 30 keV, respectively.
monly used dopant, the maximum equilibrium concentration ) : .
A thermal annealing at high temperature is necessary to

of Sb atoms in substitutional position, and hence electricallyreCr stallize the implanted material. Thermal annealinas of
active, is of about X10*® atomsfert at 1000 °C-* Above the }i/m lanted samples have been. erformed in a nit?o en
this concentration, Larsegt al. suggested the coexistence of P P P 9

. 0 A
precipitates and vacancy complexXesloreover, it has been atmosphere with 10% oxygen at a temperature of 900 °C

shown from a previous extended x-ray absorption fine strucgunlesS mentioned at 1000 f@uring various periods: from

ture (EXAFS) study* that these vacancy complexes\SiV: giloicsor;[oofi dr:a. Iguenrnig ]Eg'rfng:je:)r:a:lhg%?tg:ﬁgé:n amorphous
vacancy are already present after laser annealing in the y '
5x 10 Sb/cnf case and that the coimplantation with B re- B. lon-beam techniques

duces the preC|p|tat|on of Sb partlcles,_ by forming Sb-B The B and Sb concentration profiles were measured by
complexes. In this study, the local environment of the Sh

. 6 - .~ secondary-ion-mass spectroscq®MS) with a CAMECA
dopant in 2 and 810" ionsfcn? samples has been studied IMS-4f spectrometer at the Physics Department of Padova

by near grazing incidgncg fluorescence EXAFS. .DiﬁeremUniversity(Italy). A 5.5 keV O beam rastered over a 250
stages of the Sb deactivation have been analyzed in sampl 50 wm? area was used for sputtering while the positive

annealed at high temperatur@90-1000 °¢ during various secondary-ion signals were collected from the 88-diam

periods: from 30 s to 4 h. Furthermore, the influence of B on entral area. The erosion time to depth conversion was ob-

the Sb environment has been studied in Sb—B cmmplante{c;iained with a Tencor Alpha-Step 200 stylus profilometer

samples. which was used to measure the height of the sputtering cra-

ter. The secondary-ion yields were converted into atomic
IIl. EXPERIMENT concentrations by using the Sb and B dose data deduced
A. Samples from Rutherford backscatterindRBS) and nuclear reaction

analysis(NRA) measurements, respectively. In fact, in all

The implantation of Sb and the coimplantation of Sb andsympjes the maximum concentrations are of the order of 1
B have been investigated {800 Si monocrystalline wafers. 5 o and the conversion obtained by conventional low-dose

ion-implanted calibration standards is affected by matrix ef-

dElectronic mail: brizard@cea.fr fects. The RBS experiments have been performed by using a

b)A|SO with: University JOSEph Fourier, B. P. 53 X, 38041 Grenoble Cedex,2_o MeV+He beam at grazing emergence detection ang'es in
France. order to obtain a depth resolution better than 20 nm.
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TABLE I. Structural parameters obtained from the EXAFS speliga(Ng,) is the number of S{Sh) nearest
neighbors(NN); Rg; (Rsp is the NN Sb—Si(Sb—Sh distance. The expressiorv2 (20%,) is the Si(Sb
Debye—Waller factor. The coordination numbers are given with an accuratyl 0%, the distances with an
accuracy of+0.02 A and the Debye—Waller factors with an accuracy=6£001 2.

Si neighbord(first shel) Sb neighborgfirst shel)
RSi zoéi Rsb Za'%b
Samples Ns; R) (A? Nsp A) (A?
2Sb/900 °C
15 min 0.4 2.57 0.006 2.8 2.90 0.012
1h 0 3 2.90 0.014
4 h 0.2 2.60 0.009 2.7 2.90 0.013
25b/900 °C
15 min 1.3 2.58 0.008 2.00 2.88 0.014
1h 17 2.57 0.011 17 2.88 0.014
4h 1.3 2.58 0.006 2.0 2.87 0.012
5Sb/900 °C
15 min 1.4 2.60 0.010 1.9 2.89 0.014
4h 1.7 2.59 0.006 15 2.88 0.012
1000 °C
30 s 1.6 2.56 0.006 1.6 2.86 0.012
10 min 2.0 2.57 0.008 0.9 2.88 0.014
C. EXAFS mal annealing, the concentration of free carriers decreases,

and the impurity evolves into a more stable state leading to
the formation of precipitates or complex&s!® Bechstedt
gnd Harrisof! have estimated theoretically that the Sb—Si
istance in the substitutional approximation is 2.52 A.
The EXAFS spectra have been analyzed using the

The EXAFS experimentshave been carried out at the
wiggler station 9.3 of the Daresbury synchrotrdd.K.).
Near grazing incidence geometry fluorescence EXAFS hav
been performed at the 36 edge(30 491 eV. The incident

angle was approximately twice the Si critical angi® mde :
9 iy y o g _spherical wave prograraxcurvez'? Actually, the B atom

at this energy Hence, the x-ray penetration depth is ap . . . .
proximately 500 nm, which is larger than the thickness of th ooks like avacancy regard_mg the E.XAFS analysis. This has
een confirmed by comparing the simulated EXAFS spectra

Sb and B layers. Therefore, the whole implanted layer is™". . . .
probed during these EXAFS experiments. The high X_ra)).]smg theExcURV theoretical backscattering amplitudes and

energy used explains that very few similar experiments havghgses ofBantSb ato;r;] surrggn(iled by e(ljther three Si ato,\rlns
been carried out. To our knowledge, only Van Netten and one b atom or three Si atoms and one vacancy. o

Stapel, and Niesérhave performed similar EXAFS experi- ?|fferenc3_hast k_)efen fot’.nd t_)etV\éete_n tr(;eftw?hsn_lgagog]s. ;’here-
ments on a 70 ppm Sbh-implanted silicon crystal. The har Or€é, no direct information IS obtained for the ond.

monic rejection rate was approximately 50%. The fluoresANYhOW, it is shown that the |nf|.uence .Of B can be seen
nrough the number of Sb atoms in precipitates.

cence detector used is a Canberra 13 Ge diode detector wit .
The absorption spectra have been analyzed as follows:

an excellent signal-to-noise ratio due to its energy discrimi—_l_h ¢ back d has b db " lat
nation(the energy resolution is about 100 eV at 10 keXs € spectrum background has been removed Dy exirapolat-

the samples are monocrystalline, this device is also useful 09 the pre-ed.gg region by a flrst-oerer pqunomlal. The
eliminate Bragg peaks present in the EXAFS spectra. Thdvave-vector origin is taken at the inflexion point of the spec-
signals from the different detectors are summed all togethetlrumz' ;hi OF(S)ugleLtransforr_rr(fTs) r;_avle betentpelrfqrn:;g n
after removal of the spectra with Bragg peaks. Several scaﬁged .I h_ ' b rar:jge_[._h te(:r? ica EO er; !ads n d“ i
have been performed for each sample in order to improve th@10d€l have been used. The total number of independent pa-
statistics. rameters from the Nyquist theorem is 9. Hence, both contri-

For the analysis, the first reference sample used is a mé)_utlons Sb-Si and Sb—Sb for the NN can be determined.

tallic Sb foil for the Sb—Sb backscattering amplitude and|||. RESULTS
phase data. This reference is appropriate because at high ap-

nealing temperature, many Sb-implanted atoms are pres:/r?t EXAFS results
in precipitates having the metallic Sb rhombohedric struc- The number and coordination distances of the Si and Sb
ture. In this structure, each Sb atom has three first nearefitst neighbors are reported in Table I, together with the cor-
neighbors(NNs) at 2.90 A and three second NNs at 3.38 A. responding Debye—WallgDB) factors.

The second reference used is>x@1D'® Sb" and B/cn? laser For the 2Sb samples, Sb atoms are surrounded by ap-
annealed sample, for which it is assumed that each Sb atoproximately three Sh atoms at 2.90 A, whatever the anneal-
is surrounded by four Si neighbors. Indeed, after laser aning period. This first NN number and distance are in good
nealing the Sb atoms are in substitutional sites up to a coragreement with the Sb—Sb distance in the metallic rhombo-
centration of approximately>210°* atoms/cm.® After ther-  hedral Sb structure. From the corresponding Fdee Fig.

9038 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Revenant-Brizard et al.
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FIG. 1. FT of the(a) 2Sb and(b) 2SbB samples annealed at 900 °C. FIG. 2. FT of the 5SbB samples annealedat900 °C and(b) 1000 °C.

neighbors at 2.54 A in substitutional position. On the con-
trary, for As, the NN distance has been observed smaller for
Fhe amorphous cag@.38 A) than for the substitutional one
(2.41 A2 Indeed, it has been found that the As and Sb
substitutional donors occupy nearly the same volume of the
Si atom in the latticé? Hence, the Sh—Si substitutional dis-

1(a)], one can remark that there is no pronounced long
distance order except for the longddt h) annealing time.
The DW factor for these specimens is found to be equal o
slightly larger than the value of metallic Sb given to be 0.012
A2 The DW values seem to indicate that the NN shell is
better ordered for a short annealing tirfls min). For the } -
2SbB sample§FT in Fig. 1(b)], Sb atoms are surrounded by tance is praportionally smaller than the As one. N

both Si and Sb atoms at approximately 2.58 and 2.88 A, For the 5SbB samples annealed at 900(RT in Fig.
respectively. The experimental Sb—Si distance obtained ig(a)]_' Sb atoms are surrounded by Si gnd Sb atoms at ap-
the studied samples lies in between the 2.53 A value founaroxmately. 2.60 .and 2.88 A, .respecpvely. The first NN
by Van Netten and co-workéksn a 70 ppm Sb-doped Si number varies, with the annealing period, between 1.4 .and
sample and the Sb-Si distance in an amorphous samp 7 for Si neighbors and between 1.9 and 1.5 for Sp neigh-
(2.60 A).4 This may be explained by an incomplete crystal ors. _From the DW factors, one can see thafc the first NN
regrowth. The Sh—Si DW factor for these specimens is founghell is better ordered for the long annealing titden). As

to be slightly smaller than the bulk Si one which is 0.01 A t|meF|ncr§a35€;st,)éhe sholrt-range olr(iljer IT(F))(r)(())V"eCS.Sb
One can realize that an Sb atom in a Si matrix can not move or the samples annealed at ! atoms are

a lot because of its large volume and weight: It acts as é:,urrounded by Si and Sb atoms at approximately 2.56 and

defect for phonon propagation and can be a knot for thi 87 A, respectively. From the DW factqrs, the NN shell is
wave. The DW factors suggest that the NN shell is mor etter ordered for a short annealing period. From the corre-

ordered for the long annealing tinté h). This phenomenon spondlng FTs[gee Fig. )], one can see that thellong-
is in opposition with the one obtained for the 2Sb samplesd'Stance order is better for the 10 min annealing period than
Moreover, the poor order at longer distance remains gIobaII;‘iOr a shorter ong30 9.
the same as the annealing time increases.

Moreover, let us point out a peculiar phenomenon: Fo
Shb implanted in Si, the dopant has three Si neighbors at 2.60 The absorption edge jump is proportional to the number

A in the amorphized layer after implantation and four Siof probed atoms. For a given annealing temperature the edge

#3. Absorption edge jump at the Sb K edge

J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Revenant-Brizard et al. 9039
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0.5 TABLE lll. Sb percentage in precipitates as determined by EXAFS with an

uncertainty of 10%.
- 0.4, ; §§EB Sb precipitates
i@ x  2SbB Samples (%)
g,,g 0.3 2Sb/900 °C
3 15 min 93
=& 1h 100
25 0.2 L x 4 h 90
2z x
55 *
2° 2SbB/900 °C
< 0.1-° ° R 15 min 67
1h 57
4 h 67
0.0 ! 1 1 1
0 1 2 3 4 5 5SbB/900 °C
Time (hour) 15 min 63
4 h 50
FIG. 3. Evolution of the absorption edge jump obtained from x-ray absorp- 1000°C
tion spectra vs annealing time at 900 (D% uncertainty. 30 s 53
10 min 30

jump varies with the implantation typéSb or Sb and Band

W.'th tt;)e anr;]eahng time. ? r(iductmr:j_;? the JL_Jrnr:p braﬂo 'S lower temperaturéi.e., 600 °Q put also in evidence a high
given by a phenomenon of antimony diftusion. 1N€ benaviolgy, , \irysiorP1® This effect has been related to a high

of this parameter in the case of annealing at 900 °C is Showaiffusivity close to the surface, due to lattice defetesy.,

in Fig. 3. For the Sb only implanted samples, the absorptio ins, dislocations, rodlike defegtevidenced by transmis-

edge_Jump is th_e smallest one of the studied specimens arg on electron microscop§TEM) observations.
remains approximately constant when the annealing perio

increases. For the 2SbB samples, the absorption edge jump is .
twice larger than for the previous case. This is clearly due &> SP Precipitation
the presence of B atoms, which prevents the Sb outdiffusion. The Sb atoms can be located in substitutional sites, com-
Its value remains also approximately constant as the anneghexes, and precipitates. The percentage of Sb atoms in pre-
ing period increases. For the 5ShB samples annealed alpitates can be easily deduced frig,_g,as each Sb atom
900 °C, the absorption edge jump is twice larger than for then a precipitate has three Sb neighbors. The precipitate per-
previous casdinstead of 2.5 times larger according to the centages are summarized in Table IIl.
dose valuesfor a short annealing period5 min). The ab- For the 2Sb samples, nearly all Sb atoms are in precipi-
sorption edge jump drops by a factor of 2.4 as the annealingates, even after a short annealing treatmé® min at
time increases by a factor of I@om 15 min to 4 h. The 900 °Q. This is in good agreement with a previous wofk,
corresponding amounts of outdiffused dopants are in agregvhere RBS measurements suggested a significant Sb precipi-
ment with the ones that can be deduced from the direct meaation for 1x10'® Sb/cnf samples annealed at 850—1000 °C
surements of the Sh dose performed by RBS and reported i@ substitutional fraction was found to be less than 10%
Table Il, together with the corresponding values of the B For the 2SbB samples, approximately two-thirds of the
dose deduced from NRA experiments. This table also showsbh atoms are in precipitates; hence, by comparison with the
that even a more dramatic outdiffusion occurs for the 5SbBprevious case, the presence of B atoms slows down the Sb
samples, annealed at 1000 °C. precipitation. This phenomenon occurs at the beginning of
A previous study concerning the Sb diffusion in samplesthe annealingbefore 15 min and remains quite stable over

implanted with 2 and 510" ions/cnf and annealed at a a long annealing periotht least up to 4 h

For the 5SbB samples annealed at 900 °C, the percent-

_ _age of Sb precipitates is similar to the previous cdseer
TABLE Il. B and Sb doses as determined from NRA and RBS, respectlvely.dOsé for a short annealin eriod
(Accuracy statistic 1% and systematic §%. gp ’

B dose Sb dose IV. DOPANT PROFILE SIMULATION
(x10% cm™?) (X10*% cm™?)

: The EXAFS results on the Sb precipitation have been
gggg g(s)(;n:gl‘agegm 11_'25 22_'225 compared with the ones deduced from a numerical simula-
2SbB 900 °C, 1 h 1.80 212 tion. This program describes the evolution of the dopant pro-
2SbB 900 °C, 4h 1.47 2.11 files during annealing, taking into account the precipitation
5SbB as implanted 4.80 5.66 of both Sh and B, as well as the Sb—B pairing, therefore, it
gggg 1888 g fg - g’-gg f'ii‘ enables one to obtain the fraction of Sh atoms in substitu-
5SbB 900 °C. 15 min 369 5.30 tional sites, complexes, and precipitates. Its ability to model
5SbB 900 °C, 4 h 4.67 1.98 the donor and acceptor codiffusion has been checked in pre-

vious articles’
9040 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Revenant-Brizard et al.
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—_

precipitates are in good agreement with the corresponding
ones obtained by the EXAFS measuremdiible 111).

For the 2SbB samples the simulations are performed ac-
cording to the model which takes into account the pairing
between donors and acceptors.The chemical reaction

Sb"+B~<=ShB (1)

which leads to the formation of neutral pairs from isolated
ions is considered.
The reaction is governed by the mass action law

QCBCSb: Cpaira (2)

whereCgz and Cg, are the concentration of B and Sb in the
silicon lattice, thus available for the reactio@,,; the pair
concentration, and) the equilibrium constant of the reac-

4 h

® exp.

Solubility

PSS BRI ArE BYRSN ' ST PENSRETE BN ST AT EPErETE ' BT
0001 02 03040001 02 03 04
(b) depth (um) (c) depth (um)

( 1

FIG. 4. Simulation of the Sb and carrier concentration profiles of the 2Sb
samples annealed at 900 °C f@ 15 min, (b) 1 h, and(c) 4 h. In the case

of 4 h, the corresponding experimental carrier profile is also reported. The
solubility value is also shown for comparis¢Ref. 1).

For Sb only implanted samples, we have used the model
described in Refs. 18 and 19, which solves the diffusion
equations, taking into account the Sb precipitation for con-
centrations exceeding the solubility value, according to the
theory of homogeneous nucleation and of the diffusion-
limited growth of the particles. In this way, both the total and
the precipitate Sb profiles are obtained, wherefrom the elec-
trically active substitutional dopant profile can be computed.
The results of the simulation of the 2Sb samples, annealed at
900 °C for the different times, are shown in Figga)4-4(c).

At this temperature the solubility of Sb in Si is K80'°

cm 3! Due to the strong supersaturation, a fraction of the
dopant already precipitates during the fast epitaxial regrowth
of the amorphous implanted layer. During this process, the
Sbh atoms occupy substitutional sites up to a concentration of
about 3.5¢10?° cm™ 38 then the precipitation continues with
the annealing time, 95% of Sb atoms being already precipi-
tated after 15 min at 900 °C, 96% afte h and 97% after 4

h. Due to the low Sb diffusivity, the equilibrium is not even
reached after 4 h, as can be deduced from the comparison
between the carrier profile and the solubility value in Fig.
4(c). The quality of the simulation is demonstrated by the
good agreement between the carrier profile and the exper
mental data, previously obtained in a similar sarfiplnd

10%
- — Experimental
@ —- Simulation
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o
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g 10
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g \
o ! \
O 'l \
1000y |\|\.|
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EIG. 5. Comparison between SIMS and simulated Sb and B concentration
profiles of the 2SbB samples annealed at 900 °Gdpf5 min,(b) 1 h, and

reported in the same figure. The above-reported fractions at) 4 h.
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