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Arsenic redistribution at the SiO,/Si interface during oxidation of implanted silicon
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The behavior of ion-implanted As 100 silicon wafers, following thermal oxidation, has been investigated
by Rutherford backscattering spectroscopy, atomic force microscopy, transmission electron microscopy, and
extended x-ray-absorption fine structure. The adopted fluef®e40'® and 3x 10 cm ) and oxidation
conditions(wet 920 °C, dry 1100 °Cspan quite a broad range of phenomena, giving rise to As diffusion in the
bulk, and/or segregation and precipitation at the $8interface. The surface roughness is correlated to that
measured at the interface, although the oxide presence strongly reduces the value with respect to that present
at the interface. Rough interfaces and surfaces are formed when the arsenic concentration exceeds the solid
solubility and precipitation occurs. The SiAs precipitates are characterized by a monoclinic structure with low
surface energy for th€l00) facet, as determined by the Wulff plot. Residual roughness is left at the oxide
surface even if precipitates initially formed dissolve during subsequent oxidation. The depth profile of the
dopant has been quantitatively computed by the analytical solution of the diffusion equation, taking into
account the interface movement, the As redistribution at the interface between oxide and bulk silicon, the
formation, growth, and dissolution of precipitates, and, of course, the drive-in process. The dependence of the
diffusion coefficient on the dopant concentration has been also considered and determined as a converging
parameter, considering iteratively the differential equation solution. In all the investigated cases the agreement
between experimental data and calculations has been found to be[§0463-18208)08539-7

I. INTRODUCTION with higher doseg1x 10 and 3x 10'® cm™2) are oxidized.
) ) The low-dose behavior has been explained through the capa-
The behavior of the most common dopants during thermagjjity of the segregating Ge atoms to form flat and well-
oxidation of silicon has been extensively studied, due to it$rdered GeSi, , layers; when the concentration of segregat-

tight c_:orrﬂation With_ the d_ope_d_ silicon  electrical ing atoms becomes too high, ordered layers cannot anymore
properties:—3Indeed, during the SigSi interface movement be formed, and precipitation occtfs

ltoward bulk S'“.fon’ 'mfl#]'t'efstcin be ﬁ_rkr:beddehd in theSiO In the case of As-implanted silicon, precipitation occurs
ayer or can pre up at the interface. 1hese phenomena arétniready at X 10' cm™2, due to the relatively low As solu-
guantitatively described by the segregation coefficient, debilit The phenomenon has been found to be stronaly tem-
fined as the equilibrium ratio between impurity concentration y. the pheno gfio. as been fou 0 be strondly te
in the silicon and in the oxidé Among the most common perattlre depende : indeed, Iow-temperature OX|d§1t|on
dopants, B has a segregation coefficient lower than 1, i.e., {220 °O produces Si@ layers having a roughness higher
is preferentially embedded in the oxide, while As, Sb, and Bhan 0.5 nm(i.e., about five times higher than that detected
have a segregation coefficient higher than 1, i.e., they segr&" 0xides grown under the same conditions on unimplanted
gate at the interface during the oxidation process. From théilicon). On the other hand, by increasing the oxidation tem-
electrical point of view, both situations cause a loss of dopferature up to 1100 °C, the surface roughness becomes com-
ant, because the atoms segregating at the interface form prearable to that of oxides grown on virgin silicon. Arsenic
cipitates when their concentration exceeds the solid solubilbehavior has been qualitatively explained in terms of the
ity. competition between As diffusion rate, prevailing at
More recently, the relationship between impurity segrega1100 °C, and the silicon oxidation rate, prevailing at
tion phenomena and morphology of the Si@yers formed 920 °C®
by thermal oxidation has been investigated in detail. The In this paper we discuss the As precipitation at the
formation of precipitates at the Sj@5i interface has been SiO,/Si interface during thermal oxidation of As-implanted
observed for silicon implanted with Pb, Ag, and othersilicon. In particular, we have first investigated the influence
metals? As’® and Ge®’ Moreover, the formation of SiQ  of different oxidation conditions and implanted doses on the
layers having a rough surface has been related to the/SiO As redistribution during silicon thermal oxidation; the related
interface morpholog$.In the case of Ge-implanted silicon, formation of As-containing precipitates has been discussed
the formation of precipitates has been found to depend on then the basis of Rutherford backscattering spectrometry
implanted dose. Oxidation of samples implanted with 3(RBS), atomic force microscopyAFM), transmission elec-
X 10 Ge/cnt does not lead to precipitate formation, while tron microscopyTEM), and extended x-ray-absorption fine-
the phenomenon is clearly visible when samples implantedtructure (EXAFS) measurements. The observed interface

0163-1829/98/5@.6)/1099(010)/$15.00 PRB 58 10990 © 1998 The American Physical Society



PRB 58 ARSENIC REDISTRIBUTION AT THE SiQ/Si. .. 10991

roughening has been related to the As homogeneous precifdly ellipsometry, and the results compared with TEM and
tation at the interface. Furthermore, we have identified thd&RBS measurements.

presence of the monoclinic SiAs phase in silicon, so far A Digital Instrument Nanoscope IlII-AFM, in tapping
rarely observed, even if early describednd obtained fun- mode configuration, was used to obtainx5 and 1
damental properties on SiAs precipitates, including the surx 1-um? images of the Si@surfaces. The SigSi inter-

face free-energy plot. Finally, a model that accurately defaces have been analyzed by AFM after removal of the oxide
scribes the As behavior during the oxidation process is alstyers by dipping in a diluted4%), buffered HF solution.
presented. This model, based on the solution of the diffusior] "€ root-mear;—squar(enjs) of the AFM height data, taken
differential equation, with suitable boundary conditions, hadrom 5X5-um® scans, is reported in the following as the
been employed to obtain theoretical As profiles and interfacE®udhness value. For the analyzed area the rms data are size

concentrations that have been compared with the experimedependent’ th_e corr_elatlon length being lower thamein
tal data. all the cases investigated. The roughness data accuracy,

tested on different regions of the same sample and on several
identically prepared samples, was better than 20%.
Cross-section TEM analyses were carried out in a Jeol
Il. EXPERIMENTAL DETAILS 2010 FX microscope, operating at 200-kV accelerating volt-

As ions were implanted at an energy of 70 keV into@gde, in the _p(_)le configuration to avoid sample tilting effects
Czochralski-growr(100) or (111) silicon wafers to doses of ©0n the precipitate shape.
3x 10 and 3x 10'® jons/cn?, with a peak concentration of ~ EXAFS measurements were performed at the European
~5X 107 and 5x 10% atoms/cr, respectively. These con- Sy'nchrotron Radiation FqcilithSRH in Grenpblg(France}
centrations are higher than the As solid solubility in siliconusing the ltalian beam line GILDA. Quantitative EXAFS
(2% 10%° atoms/cm at 920 °C and & 10%° atoms/crA at data analysis was obtained by back-transforming the peak of
1100 °Q.° the first cpordination_shell and fitting the signal with phases

Before oxidation the wafers were cleaned by a standar@d amplitudes obtained from reference samples.

RCA procedure to reduce the surface contamination. The

surface morphology has been checked before and after RCA [ll. RESULTS AND DISCUSSION

cleaning, demonstrating its ineffectiveness in changing sur-
face characteristics.

The wafers have been loaded in a horizontal furnace at The arsenic redistribution caused by silicon thermal oxi-
800 °C, then the temperature has been raised at a rate dation has been analyzed by the RBS technique. The spec-
10 °C/min up to 920 or 1100 °C. During loading, tempera-trum of a sample implanted with 70-keV>3L0™ As/cn?,
ture ramping up and unloading processing steps, wafers weend after wet oxidation at 920 °C for 10 min is reported in
held in N,. The implantation process produced an amor-Fig. 1(a). The Si and O signals indicate the presence of a
phous surface layer 100 nm thick, that epitaxially regrows asiO, layer 370 nm thick, while the sharp As peak located at
800 °C with rates of about £0and 50 nm/s, fo(100) and  the SiQ/Si interface indicates the occurrence of As segrega-
(111 orientations, respectively. This means that the comtion. Only a very low As concentration is found in the oxide
plete recrystallization of the substrate has been obtained inlayer.
few seconds at the loading temperat(®60 °Q. This tem- Figure Xb) demonstrates the leading role played by tem-
perature still prevents competition between solid phase epperature in determining the As profile. The RBS spectrum
taxy (SPB and local diffusive rearrangements, that can leadrefers to an identical silicon sample but oxidized for 30 min
to polysilicon formation or As segregation phenoméh@he  at 1100 °C in a dry environmerian oxide thickness of 130
absence of segregation due to SPE has been also confirmagh). The ineffectiveness of the chemical environment in de-
in samples annealed in,Nat 920 or 1100 °C by As depth termining As behavior during thermal oxidation has been
profiles carried out by RBS. already demonstratexf. The spectrum indicates the absence

Oxidation has been performed, for times ranging betweenf As segregation; the atoms are indeed uniformly distrib-
1 and 120 min, at 920 °C in a wet environméht,O vapor  uted inside the silicon substrate for at least a few hundred
formed by the pyrogenic technigyeand at 1100 °C in dry nanometers, as a result of the prevalence of diffusion over
oxygen. The two processes are characterized by the santiee oxidation rate. Also in this case, no appreciable As con-
oxidation rate for unimplanted silicon wafers, because theentration has been detected in the oxide layer.
difference in temperature balances the effect of the oxidizing Table | summarizes the RBS results for different oxida-
species concentratiof@t the same temperature® concen-  tion conditions and implanted doses. All the RBS aligned
tration in the growing SiQ layer during wet oxidation is spectra have been collected after etching the, &er in a
about three orders of magnitude higher tharcncentration  diluted (4%) HF solution. The data indicate a low As con-
during dry oxidation.** Further, the presence of As greatly centration in all oxide layers, according to the As segregation
enhances the wet oxidation ratep to a factor of 7 with  coefficient*
respect to that of unimplanted silicorwhile the dry oxida- Under low-temperature oxidation, As atoms segregate at
tion rate is only slightly affectetf!? the SiQ/Si interface; for the high-dose implant, the small

The SiG/Si structures have been characterized by AFMdifference between random and channeling RBS yields indi-
and TEM measurements, while the As profile and its surcates that the segregated As atoms are mainly located in
rounding was determined by 2.0-MeV Héns by RBS and nonsubstitutional lattice sites. On the other hand, in low-dose
EXAFS measurements. The oxide thickness was measurahplant samples, the As distributions are generally quite

A. As redistribution and precipitation—experimental data
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FIG. 1. RBS spectra of Si implanted with 70-keV 3
X 10 As/cnt, after(a) wet oxidation at 920 °C for 10 min, ar(d)
dry oxidation at 1100 °C for 30 min. The arrows indicate the sur-
face markers of all elements.

broad, with a pronounced low-energy tail; under ion-
channeling conditions, the intensities of these signals peak
are heavily attenuated, suggesting that a significant fractiol (b)

of the As is located in substitutional lattice sites. "m

. For the §amp|es oxidized at h'igh tempergture, a quantita- FIG. 2. AFM images ofa) the surface of a 370-nm-thick SjO
tive analysis of the As signals is not possible, due to thefayer grown at 920 °C for 10 min on silicon implanted with 70-keV

overlap with the Si signalsee Fig. 1b)]; however, within 351616 As/cn?, and(b) the SiG/Si interface of the same sample,
the uncertainties related to the As fraction not detectable byer etching the Siglayer in HF.

RBS measurement, the aligned contributions are quite low,

suggesting that a large fraction of As atoms occupies substized by a marked roughne$see the AFM image of Fig.

tutional lattice sites, as a result of diffusion processes. 2(a)]. This surface morphology is due to the large Si€)
The temperature of the oxidation process influences alsimterface roughness shown in the AFM image of Fi¢p)2

the morphology of the SiPlayers grown on As-implanted obtained after HF etching of the oxide; note that thaxis

silicon. The surface of a SiJayer grown at 920 °C for 10 scale of Fig. 20) has been increased by a factor of 7.5 with

min on silicon implanted with % 10'® As/cn? is character- respect to that of Fig.(d). Furthermore, the TEM cross sec-

TABLE I. As surface concentrations in Si and $jQletermined by RBS measurements performed in
random and aligned configurations, for different implanted doses and oxidation conditions.

Oxidation parameters Cas(cm™2)

As dose Temp. Time Thickness Si Sio
(cm™?) (°C) (min) (nm) Random Aligned Random
3x10'% 920 10 180 3.x10% 1.3x10% n.d.
3x 10 920 30 270 3.410% 1.4x10% n.d.
3x 10 920 10 370 2.810% 2.7x10% 4.9x 10%
3x10° 920 30 550 3.610'¢ 2.9x10' 1.6x10°
3x101° 1100 30 100 ~2.0x10'° ~6.0x10" n.d.

3x10t° 1100 30 130 ~2.0x10' ~2.0x10!° n.d.
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5.000 nm

FIG. 3. TEM cross section of the interface between a 370-nm-
thick SiO, layer grown at 920 °C for 10 min on silicon implanted
with 70-keV 3x 10 As/cn? and the silicon substrate.

tion of Fig. 3 demonstrates the presence of a large number of

precipitates at the SiISi interface. Because RBS analyses,

performed before and after Sj@tching, demonstrate that

this procedure does not change appreciably the As content of

the sample, we can associate the morphology shown in Fig. _ o

2(b) with the precipitates shown in Fig. 3. Therefore, on the FIG. 5. AFM surface image of a 100-nm-thick Sifayer grown

basis of the AFM, TEM, and RBS data, one can concludéat 11500 °C for 30 min on silicon implanted with 70-keV 3

that As segregation leads to an interface As concentratiofy 10°% Asfent,

higher than its solid solubility, and then to precipitate forma-

tion at the SiQ/Si interface. Notwithstanding their distance the surface of the oxides grown at 920 °C increases with the

from the oxide surface, these precipitates greatly influencémplanted dose and, for the same dose, with the oxidation

the morphology of the SiQlayer. However, the interface time, because both situations involve the accumulation at the

roughness is not perfecuy reproduced’ in both morpho|og§u’|terface of Iarger amoun'FS of As atoms. For Comparison, the

and absolute value, on the oxide surface, because the plgurface roughness of oxides grown under the same condi-

narization properties of the oxide smooth the interface aspetions on unimplanted silicon is about 0.1 rif.Larger

ity. roughness values and a more marked dependence are shown
Figure 4a) shows that the roughness detected by AFM onin Flg 4(b), referring to the interface. This is due to the fact

that AFM is now able to detect the bared precipitates, with-

— T T T T T out the above-mentioned planarization effect of the oxide.
35r T RBS analysis has demonstrated that, during 1100 °C oxi-
30k A dation, As does not segregate at the interface. Accordingly,

] the AFM and TEM analyses reported in Figs. 5 and 6, re-
- 25F 7 spectively, show that a sample implanted with 3
5 sol ] X 10 As/cn? and oxidized for 30 min does not show pre-
2 cipitates formation, but it is characterized by flat surface and
£ 15F . interface. Figures (4) and 4b) show that all the Si@sur-
%” Lok ] faces and Sig¥Si interfaces obtained by 1100 °C oxidation
= of samples implanted with 810 As/cn? are very flat, in-
05 . dependent of the oxidation time.
On the other hand, Figs.(@ and 4b) indicate that
0.0 £ s 1100 °C oxidation of X 10 As/cn? implanted samples
14+ () Si0,/Si interface T leads unexpectedly to the formation of rough surfaces and
12'_ ] interfaces, even if no As accumulation at the interface is
I measured by the RBS spectrum of Figb)l clearly indicat-
2 10} w0t o0 - ing thg occurrence of As diffusion. Fig_ure(a')7 reports the
£ I . ] AFM image of the surface of an oxide layer grown at
2 T TOT3xI07,920°C 1100 °C for 30 min, demonstrating that the high roughness
;5 oL —A—3x10", 1100 °C
z I --w--3x10", 1100 °C
= 1 R _
0t 1 1 I 4.? ]

oxidation time (min)

FIG. 4. Roughnes@ms) as a function of the oxidation time for
(a) the surface of oxides grown on As-implanted silicon, émdhe FIG. 6. TEM cross section of a Sidayer grown at 1100 °C for
SiO,/Si interface after SiQetching. 30 min on silicon implanted with 70-keV>810™ As/cn?.
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50.000 nm

FIG. 8. TEM cross sections of Sj@ayers grown at 1100 °CGa)
for 30 min and(b) for 1 min on silicon implanted with 70-keV 3
X 106 As/cn?.

these samples in Figs(a} and 4b)]. Note that the oxide of
Fig. 7(b) is only 25 nm thick; this explains the absence of
any planarization effect. As oxidation is performed for
longer times, the high As diffusivity leads to precipitate dis-
solution, and then to the recovery of a flat interface; how-
ever, the plastic deformation of the oxide during the precipi-
tate formation in the early stages of the oxidation cannot be
completely recovered, and oxides retain the old morphology.

B. Precipitate structure and facet shape

The structure of the As-containing precipitates has been
investigated by EXAFS analysis performed at thekAsedge
(11 881 eV). By a suitable analysis of the data, the local
FIG. 7. AFM surface images of Siayers grown at 1100 °C  coordination (atomic species, coordination number, and
(&) for 30 min(thickness of 130 niand(b) for 1 min(thickness of  nearest-neighbor distangesround the probed sites can be
25 nm), on silicon implanted with 70-keV 3 10*° As/cn?. determined? In particular, the Fourier transforiT) of the
EXAFS signal generates a number of peaks reproducing the
value is due to a peculiar SjOmorphology, that, on the radial distribution function around the investigated atoms. In
analogy of 920 °C oxidations, could suggest the presence afur case, peaks will be centered at the interatomic distances
precipitates. On the other hand, contrary to the case dfetween As and neighboring atoms, shortened by a small
920 °C oxidations, the relative TEM cross section, reportecamount known as the phase shift. As an example, the FT of
in Fig. 8(a), shows that the interface with the Si substrate istwo different samples are reported in Fig. @ a sample
very flat; this cross section evidences also the presence of tfimplanted with 3<10™ As/cn? and annealed in N at
same surface features already detected by AFM analysis. THELOO °C for 100 g(continuous ling and (b) a sample im-
AFM image of the interfacénot shown confirms the TEM  planted with 3< 10'® As/cn? and oxidized at 920 °C for 10
data. min (dashed ling The first sample was used as reference for
The analysis of the sample in the early stages of the oxiAs in a substitutional-like configuration. The crystalline
dation process enlightens the situation. The AFM image requality of this sample was checked by TEM and RB®Bt
ported in Fig. Tb), taken just after oxidation at 1100 °C for 1 shown herg no precipitates and &, as low as 3% in
min, shows that the peculiar SjGnorphology is already channelling RBS were found. Moreover, four-point probe
developed; on the other hand, the TEM cross section of Figelectrical measuremen@ot reportedi confirm that all the As
8(b) shows that in this case there exists a clear corresporis electrically active, as well established for this dose and
dence between the surface and interface morphologies.  thermal proces¥ This scenario is in agreement with the FT,
Therefore, the analysis of all data suggest that, at this higghowing three atomic shells around As, indicating a very
dose, the As concentration at the interface in the early stagdsgh structural order in this sample. Consequently, the peaks
of the oxidation process performed at 1100 °C can exceeth the FT correspond to four Si first neighbors at 2.41 A, 12
the solid solubility before significant diffusion occurs; con- Si second neighbors at 3.84 A, and 12 Si third neighbors at
sequently, precipitates are formed, and interface and surfaege50 A (i.e., As in substitutional sites® The other FT of Fig.
morphology are affecteflsee the very high roughness of 9 (dashed ling has a single peak, indicating a quite disor-

1]
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FIG. 9. Fourier-transform amplitudes of the EXAFS signals of a
sample implanted with 810" As/cn? and annealed in Nat
1100 °C for 100 qcontinuous ling and a sample implanted with
3Xx 10 As/cn? and oxidized at 920 °C for 10 mifdashed ling

FIG. 10. TEM cross sections of silicon implanted with 70-keV
10 As/cn? after wet oxidation at 920 °Q) for 10 min, (b) for
3? min, and(c) for 120 min.

dered configuration around As atoms. This sample, in fact3><

exhibits the typical configuration of the monoclinic SiAs

structure, with three Si atoms at an average distance of 2.

A, which is the result of three different As sites, each one

having 2+ 1 or 1+2 Si first neighbors at slightly different Wulff construction. At equilibrium all the precipitates have

distance<®” The second coordination shell of the mono- the same shape, independently of their sf2es.

clinic SiAs structure is also made by several sites occupied Figures 1¢a), 10(b), and 1@c) show the TEM cross sec-

by both As and Si atoms. This high static disorder explaindions of the 3x 10'%-cm™2 As-implanted sample after oxida-

the presence of a single peak in the FT signal. Using the firdion processes performed at 920 °C for 10, 30, and 120 min,

sample of Fig. 9 as a reference for the As-Si coordinationrespectively. The micrographs show that the agglomeration

and EXAFS datdnot shown on As powder as reference for process leads to the formation of large and isolated grains.

eventual As-As coordination, we have fitted all experimentalTheir shape indicates that the equilibrium conditions are

data. Results can be summarized as follows. reached just after short oxidation times. The same shape for
(a) All the oxidized samples are better fitted when thethe precipitates has been found also wkEhl) wafers were

presence of about 10% of As in first coordination is included.oxidized. Even if thg111) plane is parallel to the interface,

These As-As bonds can be associated to the presence of puelayer-by-layer precipitation does not occur. Isolated ag-

As or SiAs, precipitates® glomerates are formed to minimize the surface energy of the
(b) Samples processed at 1100 °C have 90% of As coorucleated precipitates. Then, the Wulff construction can be

dinated with four Si atoms in a substitutional-like configura-used to extract the complete surface free-energy plot of the

tion regardless of the implantation dose. This confirms thaSiAs precipitates.

the morphology of the sample implanted with 3  SiAs precipitates present a monoclinic crystal structure,

% 10* cm~2 and oxidized for 30 min, reported in Fig(J,  and they are coherent to the silicon crygtalhey lie in the

is not due to the presence of precipitates, revealing a verjl11 planes of silicon, and have(@01) plane parallel to the

ordered structure, with As in substitutional-like configura-(111) plane of silicon.

tion. The structure of a single precipitate can be better resolved
(c) Samples processed at 920 °C show 90% of monoclinién high TEM magnification reported in Fig. 11, referring to a

SiAs precipitates in the case of high implantation dose, whilesample implanted with 810 As/cn? and oxidized at

As in substitutional sites, and SiAs precipitates, coexist ir920 °C for 120 min. In the image, well-defin¢#i0C} facets

low dose samples. and other smaller curved facets are visible. Although the
A detailed description of the EXAFS data is published precipitates are in part embedded in the oxide layer and in
elsewherg? part in the silicon, no clear differences have been observed in

As discussed above, arsenic accumulation at the interfagarecipitate faceting between the two surfaces.

takes place during oxidation at 920 °C the As diffusivity be- From the shape of the precipitates we can extract quanti-
ing smaller than the interface velocity. Longer oxidationtative data on the surface free energ{d) by using the
times increase the amount of As accumulated at the interfac®ulff construction?® In fact, we considered the SiAs/SiO
and precipitation occurs when the solid solubility is ex-and the SiAs/Si facets separately. The Wulff point of a pre-
ceeded. Homogeneous precipitation induces formation ofipitate is defined as the intersection of the perpendicular
single precipitates that, at equilibrium, have a well-definedbisectors of two{100} SiAs facets with the same material
shape, determined by their surface energy, according to th@xide or silicon. Since there are no sharp facet intersec-
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! con samples has been related to the dopant redistribution
8102 occurring during the process. The As concentration profile
results from the competition between the silicon oxidation
rate (prevailing at low temperatuyeand the As diffusion
(prevailing at high temperatureln this section we will de-
velop a model that quantitatively describes this process, pro-
viding a physical explanation to all our experimental results,
including those in apparent contrast with the above exposed
simple reasoningi.e., As precipitation during 1100 °C oxi-
dation of samples implanted withx310'6 cm™?).

The As concentration in silicorc’gis(x,t), is provided by
the solution of the diffusion differential equation

ICS(X,t) os F2CRY(x,1)

gt S X2 @

FIG. 11. Cross-section TEM analysis showing a SiAs precipitate
at the SiQ/Si interface. The oxide layer has been grown at 920 °C(D§is is the As diffusion coefficient in $iwith the following

for 120 min on silicon implanted with 70-keV>310'¢ As/cn?. boundary conditions:
(i) The dopant segregation at the $iSi interface re-
tions, v; /r;=const, and we can measure the precipitate raquires.
dius r; to each of the surface orientatiomsand, conse-
quently, extract the relativey, for each orientation. The Céf(O,t)ZKsCéfc;z(O,t), (2

precipitate radii are measured with steps of 2°. . ) . s
The surface energy ploi(9), averaged and symmetrized Ks Pbeing the segregation coefficient, a0d%, (x.t) the As

on several precipitates, is shown in Fig. 12 for the SiAsfSiO concentration in SiQ The Kg value was assumed to be 50
interface. Indeed, no difference was found on the surfacéor both temperatures.

energy plot for the two interfaces. According to the qualita- (i) Mass conservation implies a flux equality at the inter-
tive features deduced by the precipitate shape, a clear cugpce:

has been detected only for th&00 planes, while no mini-

mum was detected for th®10 and the{101} planes. DAs ICotl  _af Cs 3
The surface energy ratio between {11} and the{100 ox|  gx X_O_ Sil - ox o

planes is high {101/ 7v;109=1.25), so that the elongation - B

along the {100 planes is quite advantageous. The plane Nro(t=0)=Np(t=t1), (4)

{103} is rounded because its energy is small, while no evi- o S
dence of other minima along intermediate orientations idox Peing the As diffusion coefficient in SiOandN, the

present. The surface energy for #@10 plane is high with ~ total As concentration in Si and SjO
respect to thd100 (V10107 ¥{100=1.28). (iii) As precipitation occurs when the concentration ex-

ceeds the solid solubility valu€gsi.e.,

C. As redistribution and segregation—model and comparison As__ . As

with experimental data P D5=0 if C™>Css. ®)
Moreover, the initial As distribution is described by a Gauss-
ian, Rp and AR, being the energy-dependent range and
straggle of the implanted dopant ions:

In the previous sections the morphology of Sifayers
and SiQ/Si interfaces after oxidation of As-implanted sili-

"""" Gon @ - Niot — (x—Rp)?
1.3 l ' -l C5(x,0)= (277)1’2ARp ex 2AR;‘; (6)
- L
;‘ - ,' . Since the diffusion equation and its associated boundary con-
121y e I n r ditions are linear, the resulting impurity distribution is ob-
) . ’ % .. 7 . tained by a linear combination of their solutiofisso that
= (100) 1
S L T CE(X ) =Clx ) +CXx )+ Cox D). (7)
= 1.1 [m ] L [ I | ] L} n |
S NI -T L SR The functionC*(x,t) is the solution of the diffusion equa-
'ib; ‘J y ‘d' tion and describes the thermal activated As diffusion inside
Lo . silicon during oxidatior(C,.is the peak value in the Gauss-
..... L ian distribution:**
0 90 180 270 360 c
6 (deg) 1 — max Q(x+
C (th) Z(WDélst)l/Z[ (X mXOvt)

FIG. 12. The energy surface plgt9) for the SiAs precipitates,
obtained from the Wulff construction. + B1Q(—X+mxy,t)] (8)
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where In the previous equations the coordinatés measured
s\ 12 As\1/2 from the position of the SiQSi interface which changes
(Dg) "= Ky(Dgy) ©) during oxidation, and the termmx, accounts for the move-

17 (DA K (DA 72 ment of the coordinate due to consumption of the substrate

material.kp andk; are, respectively, the experimental para-

s B2\] =% bolic and linear oxidation rate constants, aridis the pa-
Q(x,t)=C"exg —| A— acll 2 rameter related to the oxide thickness prior to oxidation. We
assumed* =0 andm=0.44 for the ratio of consumed sili-
X+ mxy—B/2 con thickness to the thickness of grown oxide.
x| 1+erf clz ' (10 The functionC?(x,t) takes into account the mass conser-
vation and describes the As redistribution due to the move-
(X+M¥— Rp)? » ment of the SiQ/Si interface?*
Ks—m k 112
_ 4D’§ist(x+ mx,— Rp) 12 C3(x,t)=— 52 e
ARG+2Dgt DA 1+ ﬁ)
C
c ADEXARS 1 mx, |2 N
T ARZ+2DAY xC eXp(— erfo( , (19
oS * 7 2D 2\DA%
ke [[4(t+t*)k3]Y2
Xo:_P (—)1} 1! (14) _ - .
2k, Kp the surface concentratid®g being given by
|
Crmex Q(mx,t)
XO!
405
Ce= > : (16)
Ks—m mkp 12 mxo mxg
1+ s > ex erfc|
2\ Dgi(1+kp/4kit) 2/D&% 2\DE&
|
The last term of Eq(7), C3(x,t), describes the As behav- As C(x,t)
ior due to precipitates. Arsenic is immobile in a Gaussian Dsi=Dx+Dm —— (19

distribution peaked at the average depth of the precipitate !

centers X) when its concentration exceeds the solid solubil-
ity. Moreover, arsenic diffuses from precipitates at the solidpx and Dm being the contributions of the neutral and nega-

solubility values®® tive charged vacancies, respectively. The following values
—> were adopted: Dx=0.0116 exp{-3.44/kT)) and Dm
Cixty= e o (X7 —31.62 exp—4.15/KT)].
" \2#7D5 2D5t Finally, arsenic concentration profiles were obtained by a

) self-consistent code developed to calculate the illustrated for-
+Cs{1-0.87E—-0.4FE"], (17 mula. The concentration values have been calculated starting
from an initial profile to determine the diffusion coefficient,

N being the amount of arsenic in the precipitates in . o " )
Brep g precip and then changing the diffusion coefficient using a converg-

at/cnf, ; o . O ;
and ing criterion, so that the final distribution is determined when
the difference between the initial and final profile becomes
C. D%\ ¥/ 8C,, —12 lower than 1%.
E=2. o ( o D’S*-St) , (18 The comparison between the experimental As profile, ob-
I I

tained by RBS analysis, and the calcula@4f(x,t) concen-
with n; the intrinsic electron concentration at the diffusion tration, is shown in Fig. 13 for samples implanted with 3
temperatureC3(x,t) was neglected for As initial concentra- x10' As/cn?, and oxidized for 30 min at 920 °CFig.
tion below the solid solubility. 13(a)] and 1100 °C[Fig. 13b)]. From the figures the very

In the calculation, the dependence of the diffusion coeffigood agreement between calculated and experimental pro-
cient D&° on the As concentration was taken into accountfiles is evident, demonstrating the capability of our model to
considering a vacancy-assisted mechanism, describe the As depth distribution.
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FIG. 13. RBS depth profiles and calculated As depth distribu- - ©
tion of samples implanted with 70-keV>310'® As/cn? and oxi-

FIG. 14. Calculated interface As concentratioontinuous lin
dized for 30 min ata) 920 °C and(b) 1100 °C. { 8

and experimental values extracted from RBS ddtat9 as a func-
tion of the oxidation time for@ wet oxidation at 920 °C an¢b)

The interface concentration values obtained from the caldry oxidation at 1100 °C of silicon implanted with 70-keV 3
culated profiles have been used to build four curves, account< 10** and 3x 10 As/cn?.
ing for the variation of the As interface concentration as a
function of the oxidation time for each temperature and im-x10'® As/cn?, the interface As concentration is higher than
planted dose. In Figs. 14 and 14b) we show the compari- the As solid solubility in the early stages of the oxidation,
son between the calculated curves and the experimental vakading to precipitate formatiofsee Fig. 8)]. At higher
ues(extracted from RBS datdor all the investigated doses oxidation times, As atoms leave the interface region; this
and temperatures. Also in this case the agreement is quiignplies the dissolution of the SiAs precipitatgsee Fig.
good. 7(b)], in order to maintain in the silicon crystal an As con-

Figure 14a) shows that at 920 °C the As interface con- centration equal to its solid solubility.
centration rapidly increases in the first stages of the oxidation
for both doses. After 300 s the interface concentration
reaches a steady-state value of Z0?° As/cn (for the low
dosé and 1x 1072 As/cn? (for the high dose Both experi- In this paper, As diffusion, segregation, and precipitation
mental and calculated data show that these steady-state cafuring oxidation was characterized and modeled. Arsenic ac-
centrations do not change for oxidation times as long as 2006umulation at the Si@'Si interface has been determined by
s. Because As solubility in silicon at 920 °C has a value ofRBS measurements, while the precipitate formation has been
about 2x< 10?° atoms/cm, it can be concluded that, at 920 °C monitored by AFM and cross section TEM analyses.
and for an implanted dose 0£310'® cm™?, As precipitation The As accumulated at the interface has a well-defined
occurs for oxidation times higher than 60 s. On the othesstructure, as we could determine by morphological and struc-
hand, for the implanted dose oP<L0' As/cn?, the inter-  tural investigations, mainly consisting of SiAs precipitates
face As concentration immediately becomes higher than thbaving a monoclinic crystal structure coherent with the sili-
As solid solubility, leading to precipitate formation. con crystal.

At 1100 °C the As diffusivity is higher than the interface  Precipitate formation occurs due to homogeneous precipi-
velocity. The As diffusion dominates the phenomenon andtation. From the precipitate shape we could determine the
for both doses, a decrease of the interface As concentraticgurface energy ploj() by Wulff construction. The surface
as a function of the oxidation time is observEsee Fig. energy ratio between thid01} and the{10Q planes is high
14(b)]. Because As solubility in silicon at 1100 °C has a(yji03/v100=1.25), so that elongation along tha0G
value of about & 10?° atoms/cm, it can be concluded that planes is quite advantaged. The pldaé1} is rounded be-
at 1100 °C and for a dose 06310*® cm™? precipitation does cause its energy is small, and no evidence of other minima
not occur for all oxidation times, all values being lower thanalong intermediate orientations has been observed. The sur-
the solid solubility. On the other hand, for a dose of 3face energy consideration account for all the observed pre-

IV. SUMMARY AND CONCLUSION
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cipitate shapes and theoretically explain the interface roughenes, extracted from RBS data, and they allow one to give a
ening. physical explanation to all the different surface and interface

Homogeneous precipitate formation can occur also amorphologies detected by AFM and TEM analyses.
high temperature oxidation if the dose is high enough to
exceed the solid solubility. Oxide plastic deformations, due
to precipitate formation, are not completely recovered even ACKNOWLEDGMENTS
after a long high-temperature oxidation.

Finally, a model, based on the As diffusion equation, was The authors thank M. Furna(CNR-IMETEM) for tech-
introduced to calculate the dopant segregation at the intemical support, D. Caland C. M. Camaller{(ST Microelec-
face. In the model the mass conservation and the As preciptronic9 for performing the oxidation processes, and S. Col-
tation over solid solubility are taken into account. The equa-onna (ESRF GILDA) and S. Mobilio (Universitadi Roma
tions introduced are able to describe both the Aslll) for assistance with the EXAFS measurements and data
accumulation at the interface for low-temperat@20 °Q analysis. This work was partially supported by CNR, Pro-
oxidation and the As diffusion in the bulk at high- getto Finalizzato Materiali e Dispositivi per I'Elettronica a
temperaturg¢1100 °Q oxidation. The calculated interface As Stato SolidoMADESS IlI), and Fondo Europeo di Sviluppo
concentrations are in good agreement with the experiment&egionale.
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