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The diffusion of phosphorus into ultra-thin oxides from phosphorus-doped polysilicon sources was studied. The
two-boundary diffusion model can be applied to the diffusion of phosphorus in ultra-thin oxides, and the diffusivity and segrega-
tion coefficient were obtained based on the model. The dependence of the diffusivity on oxide thickness and drive-in ambients
was investigated. The enhanced diffusion, which has been observed for boron diffusion in ultra-thin oxides, was not observed
for phosphorus diffusion. For the diffusion in dry,@nd wet Q ambients, the enhanced diffusion due to high phosphorus
concentration in the polysilicon was observed.
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) The SiQ thickness was determined using an ellipsometer.

1. Introduction The oxide thickness on the polysilicon after diffusion in dry

In deep sub-micron gate metal-oxide-semiconductor fiel®, and wet G ambients was determined by DEKTAK. The
effect transitors (MOSFETS), a high-quality gate oxide lesginction depth was measured by staining after angle lapping.
than 3 nm thick is requiret. However, impurity penetration The concentration profiles of phosphorus were obtained in sil-
through such a thin gate oxide to the channel region becomiesn using a spreading resistance profiler (SRP).
a serious problem. That is, high-temperature annealing for , .
activation of dopants in the doped polysilicon gates causes Results and Discussion
dopant diffusion from the gates. Diffusion of boron into ther- The two-boundary diffusion mod@lwas applied to this
mally grown SiQ from a doped polysilicon source has beerstudy. The model is expressed with two Fick’s diffusion equa-
found to be dependent on drive-in ambients (i et G;) tions and the following boundary and initial conditions.

and oxide thickness (80 A).2 To explain this behavior, Fair 9Ca 92Ce

proposed the diffusion model of boron in $i€) 5% _ D5i02¥ (—dox < X < 0) (1)
On the other hand, few studies have been performed on ot %

phosphorus diffusion through a thin gate oxide because the ~ 9Csi _ 3%Csi 0 < x < o0) @

diffusivity of phosphorus is smaller than that of boron in SiO at o ax2

Recently, it has been reported that hole trap formation at the Csio,=Csi=0 (t <0) ()

phosphorus-doped polysilicon/Sinhterface is due to phos-

phorus diffusion into Si@from the doped polysilicon gat8s Csioy(=dox, 1) = Cpoy/m (1 > 0) (4)

and hole traps cause excessive gate oxide leakage cutrents. MCsio, (0,t) = Csi(0,t) (t > 0) (5)

Therefore, it is necessary to investigate the diffusion of phos- 9C 9Ce

phorus into ultra-thin oxides from phosphorus-doped polysil- Dsio, % _ pg—2 (atx =0, fort > 0) (6)

icon sources. In this study, the diffusivity and segregation co- X X

efficient of phosphorus were determined in ultra-thin oxides Csi(x,t) > 0 (asx — 00), (7

zqd the de%gncitence of Ithe.d|ffu?.|V|t3t/ (()jn oxide thickness ar\]/9herex is the distance from the SBi substrate interface,
five-In ambients was aiso Investigated. t the diffusion time, andl, the oxide thicknessD andC
2. Experimental are the phosphorus diffusivity and concentration, and the sub-
§cript SiQ and Si denote the region of oxide and silicon, re-
. X tively. The phosph tration in th lysilicon,
Czochralski (CZ2)-Si(100) wafers of 10—2Dcm resistivity. Sec ety © pnosphorus concentration In the polysiicon

The gate oxides with a thicknesses of 27, 32 and 42 A We%po.y, is assumed to be constant because of a large diffusivity

- . . ong grain boundaries in the polysilicBiThe constantn is
thermally oxidized at 80T in dry O, followed by deposi- h . ffici f bhosph h )
tion of 3000 A phosphorus-doped polysilicon films (P cont e segregation coefficient of phosphorus at the,fS0sub

: ~ ) . strate interface. Herem at the polysilicon/Si@ interface is
centration: 18 x 10?°cm~3) from SiHe/PHs/He mixture gas i
. . . X t | to that at th trate interf .
at 515C. Diffusion was carried out in dry N dry O,, and assumed to be equal to that at the B substrate interface

wet O, ambients at 1000-1100. To avoid out-diffusion of The solution in silicon &

The substrates used for the present study were p-ty

phosphorus from the polysilicon into the annealing ambieng, _ _ m — ) Cpoly ia”erfc (2n+ 1)0ox X
the polysilicon surface was covered with chemical vapor de=® m = 2,/Dsio,t 2/Dsit |
position (CVD) SiQ (1000 A) before annealing. B (8)

Here,a = (m—r)/(m+r) andr = ,/Dsio,/Ds;. For

*Author to whom all correspondence should be addressed. E-mail address: .
matumoto@elec keio.ac.jp dox/2,/Dsio,t > 0.7 anddo > rx, eq. (8) can be approxi-
Mundra Solar PV Ltd., Ex. 1030

L 955
Page 1



L 956 Jpn. J. Appl. Phys. Vol. 39 (2000) Pt. 2, No. 10A BUBO et al.

mated only by the first term of the seri€s. The constaran 10 , , :
be estimated by varying the diffusion time and measuring the g 4 Maisurs Ret. (7
change in the junction depth, with the other factors being kept g 107 presentany 1
constant. In addition, eq. (8) reduce®to g 10°

dox Xj tant 9 é 10!

— +r —= = constan S

VAR © E
The valuer at each temperature can be obtained from the gra- 2 ]
dient in the relationship betweel,//T vs x;/+/T. The seg- 105 7 Py 3
regation coefficient can be derived from eq. (8) by calculation 10000/T [K™]
using the Obtaine(DSiOz Sincexi is the junction depth and Fig. 3. Temperature dependence of segregation coefficients.

Csjis the substrate concentration. In the above procedure, the
values ofDg; were used from published data.

Prior to using the two-boundary diffusion model, it was
necessary to ascertain that the model can also be appligconsidered that the reaction of phosphorus and oxide in
to the diffusion of phosphorus in ultra-thin oxides§@A). thicker oxides is the same as that in ultra-thin oxides. In
Figure 1 shows the relationship between junction depth ag@ntrast to the case of boron diffusion, where enhancement
the square root of diffusion time in Nat 1073C. It was of diffusion is observed with decrease in oxide thickness, no
found that the parabolic law was satisfied at each oxide thicRhhancement in phosphorus diffusion was observed in the
ness and that the diffusion of phosphorus in ultra-thin oxiddyesent results.
from the doped polysilicon was accounted for based on the Regarding the segregation coefficient, different activation
two-boundary diffusion model. In Fig. 1, all of the lines hacehergies were obtained as shown in Fig. 3. The present data
the same slope, which means that either the diffusivities f6f ultra-thin oxides are lower than those of thicker oxides be-
the three different thicknesses of oxides used were the salf& 1100C. It seems that a compositionally graded interface
at this temperature, or the diffusivity is independent of oxid#ith a Si-rich region influences segregation because of the
thickness. For other annealing temperatures, results similafggsence of ultra-thin oxides. The resulting phosphorus diffu-
those shown in Fig. 1 were obtained. sivity and segregation coefficient can be expressed by

The diffusivity and segre_gati_on coefficient were estimated Dsio, = 2.46 x 103 exp(—4.08 eV/kT) (10)
using the two-boundary diffusion model. Figures 2 and 3
show the temperature dependence of the diffusivities and m = 239 x 10'®exp(—4.10eV/kT). (11)

segregation coefficients of phosphorus in Si® Nz ambi- The diffusion model of phosphorus diffusion in ultra-thin
ent, respectively. In these figures, data for thicker oxidgsyides from phosphorus-doped polysilicon will be discussed
(200-400 A) from Matsuurat al.”) are also shown. In Fig. 2, briefly. If only phosphorus atoms diffuse in Si®ia peroxy
the activation energy of diffusion is closer to their result. |Iinkage defect (PLD) as in boron diffusion, enhanced diffu-
sion of phosphorus in ultra-thin oxides with numerous PLDs
must be observed. However, the phosphorus diffusion was
o, slightly influenced by the quality of the ultra-thin oxides, en-

Tl ] hancement was not observed, and the quality of ultra-thin ox-

- ] ides affected segregation. Therefore, the diffusion model of

%0-8’ ] boron in SiQ can not account for the phosphorus diffusion in

Co6r e on ] SiO,.

é 04l o 32 | Ghoshtagore identified two diffusing species in Si®

30 Jl 2 1 One is a solid FOs and the other is a fixed composition lig-
e | R, uid (xP,0s5.ySi0y). The activation energies of the diffusion

(Diffusion timeJ’? (s)!2 of these species are#t+0.23 (eV) and 1624+-0.03 (eV), re-
spectively. Considering only the diffusion activation energy,
Yhe diffusing species in this study is suggested to J@sP!If

we assume that @5 diffuses in SiQ, this species may be
slightly influenced by the Si-rich region in ultra-thin oxides
during diffusion.

10% * * * Figure 4 shows the relationship between junction depth and
10% . oo 1 the square root of diffusion time in dryNdry O, and wet Q
ambients. In dry @ and wet Q ambients, the significantly
enhanced phosphorus diffusion into $i®as observed, but
the parabolic law was not satisfied. Figure 5 shows the car-
rier concentration profiles from the surfaces of these samples
to Si substrates by SRP. Even with a short diffusion time in

Fig. 1. Relationship between junction depth and the square root of diffl
sion time in N ambient at 1075C.

Phosphorus diffusivity in Si® [cﬁ1 Is]

20| L L L . . . .
1065 7 75 8 dry O, and wet Q ambients, very high carrier concentration
1000017 [K'] profiles in silicon substrate were obtained. The two-boundary
Fig. 2. Temperature dependence of phosphorus diffusivities in BiS- d'ﬁus_mn _moqlel could not predict the_proflles in SI|ICOI’! after
ambient. the diffusion in dry Q and wet Q ambients as shown Fig. 5.

Mundra Solar PV Ltd., Ex. 1030
Page 2



Jpn. J. Appl. Phys. Vol. 39 (2000) Pt. 2, No. 10A ¥aBoet al L957

(x4, phorus concentration in the polysilich.
® inN, .
Ear EE\?VZetQ . 4. Conclusions
2 3l ° , The two-boundary diffusion model can be applied to the
(7] . . . . .
< o " diffusion of phosphorus in ultra-thin oxides from a doped
g2 ] polysilicon. The enhanced diffusion, which has been seen in
31t . 1 boron diffusion in ultra-thin oxides, was not observed for the
o me e N phosphorus diffusion. This means that the diffusion model
50 100 150

based on peroxy linkage defects cannot be applied to the
phosphorus diffusion in Si© For the diffusion in dry @and
Yvet O, ambients, an enhanced diffusion due to high phospho-

(Diffusion time}?  (s)¥2

Fig. 4. Relationship between junction depth and the square root of diff
sion time in dry N, dry O, and wet Q@ ambients at 1078 for oxide

thickness of 42 A. rus concentration in the polysilicon was observed.
Acknowledgements
S 10%0F — T3 The authors would like to thank Professor T. Matsuura for
5 E MEPCE many valuable discussions.
- sk x 5 3
g 101 E ° inwetO,1h §
E 10165[ ;
%’ 3 . 3 1) H.P.Wong:ULSI Deviceseds. C. Y. Chang and S. M. Sze (John Wiley
2 . uf * ~ AR : & Sons, New York, 2000) Chap. 3.
38 10 £ & % 3 2) T. Aoyama, K. Suzuki, H. Tashiro, Y. Toda, T. Yamazaki, Y. Arimoto
8 . L Yy E and T. Ito: J. Electrochem. Sat40(1993) 3624.
E 107 . 1 3) R. B. Fair: J. Electrochem. Sab44(1997) 708.
o of | .1 ° "‘l | E 4) Y. Tkachev, V. S. Lysenko and V. I. Turchanikov: Phys. Status Solidi
w—f—7 3 (a) 140(1993) 163.
Depth [ £m] 5) M. K. Khan, F. Zdancewicz and A. Bhalla: Semicond. 8#/98(1997)
100.
Fig. 5. Carrier concentration profiles from sample surfaces to Si substrate$) C. T. Sah, H. Sello and D. A. Tremere: J. Phys. Chem. Stlld4959)
in dry N, dry Op, wet Gy ambients at 107% by SRP. 288.

7) T. Matsuura, J. Murota, N. Mikoshiba, |. Kawashima and T. Sawai: J.
. . Elelctrochem. Socl38(1991) 3474.
This enhancement seems to be attributed to the melt-througb) K. shimakura, T. Suzuki and Y. Yadoiwa: Solid-State Electrd8.
diffusion that results from the formation of glassy compounds  (1975) 991.

; ; ; ; _9) W.E.Beadle, J.C. C.Tsaiand R. D. Plumnf@uick Reference Manual
by a reaction Qf phOSphorus vyl_th&%(due to hlgh phOSpho for Silicon Integrated Circuit Technologfdohn Wiley & Sons, New
rus concentration in the polysm_q These _samples formed York, 1985) pp. 6-31.
very thick oxides on the polysilicon (or Si substrates) afteno) R. N.Ghoshtagore: Thin Solid Filr@§ (1975) 501.
the diffusion in dry Q and wet Q ambients. Polysilicon was 11) T. Kamins:Polycrystalline Silicon for Integrated Circuit Applications

consumed to form the oxides resulting in a very high phos- ~ (Kluwer Academic Publishers, London, 1988) p. 128.

Mundra Solar PV Ltd., Ex. 1030
Page 3





