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1. Introduction

Increasing of performance and reliability of microelectronic devices and integrated circuits, recently attracted great interest. One way
to increase performance of semiconductor devices is decreasing capacitance of (p-n)-junctions [1,2]. The increasing of homogeneity of
impurity distribution in doped areas of a semiconductor structure allows to operate with higher current densities and to decrease local
overheats or to decrease depth of (p-n)-junction [1-3]. Another actual problem is increasing of exactness of theoretical description of dy-
namics of technological process. The increasing leads to higher predictability of dopant dynamics and, as following, higher reproducibility
of parameters of solid state electronic devices.

Different types of technological processes could be used for production (p-n)-junctions (see, for example, [1-5]). One of them is dopant
diffusion into a semiconductor sample or in an epitaxial layer (EL). Another one is ion implantation in the same cases. In this Letter we
consider a multilayer structure (MS), which presented in Fig. 1. The MS consist of two layers. First of them is a substrate (a < x <L)
with diffusion coefficient D5, thickness L —a and known type of conductivity (n or p). The second layer of the MS is an EL (0 <x<a)
with diffusion coefficient D; and thickness a. Let us consider a dopant, which was implanted across the boundary x = 0 into the EL
for production the second type of conductivity (p or n). At the time t = 0 annealing of radiation defects is started with continuance ©.
The annealing of radiation defects after production of the implanted-junction rectifier leads to decrease of quantity of the defects and to
increase of depth of the (p-n)-junction. The increasing is unwanted, because the process leads to deviation of characteristics implanted-
junction rectifier from scheduled values. It has been recently shown, that inhomogeneity of a multilayer structure leads to increasing of
sharpness of diffusion-junction (see, for example, [6,7]) and implanted-junction (see, for example, [8]) rectifiers, which were formed in
the multilayer structure. It has been also shown, that together with increasing of the sharpness homogeneity of dopant distribution in
doped area increases. To increase the both effects heating of surficial region (the thickness of the heated surficial region is approximately
equal to the thickness EL) of the MS attracting an interest. One way to produce the inhomogeneous distribution of temperature is pulse
laser annealing (see, for example, [9-12]). Another advantage of this type of annealing is local heating of the surface of the MS. The
advantage is useful for production of elements of integrated circuits with decreasing spreading of dopant across the interface of the MS.
Some theoretical analysis of spatiotemporal distribution of temperature during laser annealing has been done in previous works. However,
the analysis has been done for simplified limiting cases.

The main aim of the present Letter is the determination of the conditions, which correspond to increasing of recently detected effect,
i.e. to increase of the sharpness of the (p-n)-junction and the homogeneity of impurity concentration in doped areas at one time. The
accompanying aim is development of mathematical approaches for analysis of dopant redistribution during annealing by laser pulses.
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Fig. 1. MS, which consist of an EL (x € [0,a]) and a substrate (x € [a, L]).
2. Method of solution

Spatiotemporal distribution of dopant concentration in the considered MS (see Fig. 1) is described by the second Fick's law [1-3,5]
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where C(x,t) is the spatiotemporal distribution of dopant concentration. Jc(x,t) is the spatiotemporal distribution of dopant flow.
D(x,T,V,C(x,t)) is the diffusion coefficient of dopant in the MS. The diffusion coefficient depends on dynamical properties of dopant in
materials of the MS, on temperature T of annealing and on concentrations of radiation defects and dopant. It has been shown in Ref. [3],
that in high-doped materials interaction between dopant atoms and point defects increases. If the point defects have nonzero charge ye
with e an elementary charge, then the interaction leads to concentrational dependence of the diffusion coefficient. The concentrational
dependence of the diffusion coefficient could be approximated by the following function (see, for example, [13,14] and [3])

D(x.T.V.C(x0) = Dyx, )| 146 Y& [ 4 L& 2)
,T,V,Cx, 1)) =Dir(x, v CPV(x,t)'
Here V(x,t) and V* are spatiotemporal and equilibrium distributions of concentrations of vacancies. P(x, T) is the limit of solubility of
dopant in MS. The parameters ¢ and y depend on properties of layers of MS. Usually y is equal to an integer value in the interval
y €[1,3] (see [3]). In the following let us consider the limiting case, when number of different complexes (for example, complexes of
defects) is negligible in comparison with number of point defects. Spatiotemporal distribution of vacancies concentration is described by
the following system of equation [15]
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where I(x,t) and I* are spatiotemporal and the equilibrium distributions of interstitials, respectively. J;(x,t) and Jy(x,t) are spatiotem-
poral distributions of interstitials and vacancies, respectively. Dy (x, T) and D;(x, T) are diffusion coefficients of vacancies and interstitials,
respectively. k; v (x, T) is the parameter of recombination. Spatiotemporal distribution of temperature can be estimate by using the second
Fourier’s law
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where c(T) is heat capacitance. For the most interesting (for our aims) interval of values of temperature one can consider approximately
constant value of heat capacitance (c(T) ~ cas5). A(x, T) is the heat conduction coefficient. Temperature dependence of the heat conduction
coefficient can be approximated by the following power low: A(x, T) = Aass(X){1 + w[Tq/T(x,t)¥]} (see appropriate figures in [16-18]), T4
is Debye temperature [16]. o(x, T) = A(x, T)/c(T) is thermal diffusivity. p(x,t) is the bulk density of heat power, which was allocated
in MS. The power could be approximated by the function: p(x,t) = Po§(x/L)sin(zwt/®), t € [0, ® /2], O is the continuance of the laser
pulse, S is the lateral area of MS, Py is the power of the laser pulse. J7(x,t) is spatiotemporal distributions of heat flow. The similar time
dependence of power have been considered in [19]. However, the considered in our work approximation leads to simplification of analysis
of mass- and heat transport.
Egs. (1), (3) and (4) are complemented by boundary and initial conditions. The conditions can be written in the form

Jv@.H=0, V(L o=V" Vx0=frx, Ji00=0 ILt=V" Ikx0)=/Ff),
Je,)=0, CL,H=0, Cx0)=fcx, Jr(0,0=0 TLO=T, Tx0)=Ffrx), (5)
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where T; is the equilibrium distributions of temperature, which coincide with room temperature. Dopant and radiation defects are not
achieved the boundary L = 0. This situation leads to simplification of boundary conditions (5).
First of all let as transform Egs. (1), (3) and (4) in the following form
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1 T?(v,t) [ AT (u,t) T9+H (x,t) — T¢T! 17 T®(v,t) V (u, t)
/ ’ dudy — —2 7 "d ’ A dudv,

nTg ) sy ) ot wo+01y  uty ) e ) e

X v X

o 1 s 1 : al(u,t)
I(x,t)=1 +/7DI(V’T)fk,,v(u,T)[I(u,t)V(u,r) I*v ]dudv—i—/ Dz(v,T)/ o dudv,
L

X X
s ry aV(u,t)
Vix,t)=V +/m/k1v(u D[, 0V, t)—I"V ]dudv+/ Dy, T)/ dudv,
Cot) = / v* 8C(u t)dudv_ufwacw,t)dv’ ©)
DL(v, T)[V*+EV (x, r)] PY(v,T) v

where os5(x) = Aass(X)/Cass is the thermal diffusivity of MS.

Let us determined the solution of the system (6) by the method of averaging of functional corrections (see, for example, [20]). Substi-
tuting of the average value of the functions p(x,t) (0o = x,T; x =1, V,L) and their partial derivatives in the right sites of Egs. (6) instead
of the considered functions gives us possibility to obtained the first-order approximations p1(x,t) of the functions p(x, t). For decreasing
of number of steps of the iterative process let us consider more accurate initial-order approximation (see, for example, [21]). As such
approximation we consider the solutions of the equations of the system (6), which correspond to average values of thermal diffusivity
Qpass, diffusion coefficients Doy and zero parameter of recombination. The solutions can be written in the form
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Substitution of Eq. (7) into the right side of the equations of the system (6) instead of the functions p(x, t) gives us possibility to obtain
the first-order approximation (at the modified method of averaging of function corrections) of the considered functions
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where s, (x) =sin[@]. The second-order approximations of the functions p(x,t), by using the method of averaging of function
corrections can be determined by using the standard procedure (see, for example, [20]), i.e. one shall substitute the sums o, + o1(x, 1)
instead of the functions p(x,t) in the right side of the equations of the system (6). The substitution gives us possibility to obtained the
second-order approximation of the functions p,(x, t) in the following form
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The parameters o, are determined by the following relation [20]
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o+1 e L X
Ty [aor +T1(x, 019 [ 3T1(v,0) Mty
oarr =Tr + 7+ 7 X dvdxdt —
e+ DTy ;LT L® Qass(X) at Lo
00
. oL . o X oL
X, t v, t
+— f X[OlZT+ 1(x, 0] /P( )dvdxclt— S //[a27+T1(x,t)]‘pH dxdt.
uT Lo Uass (X) Cass nT, L()(<p+1) .
Sno Si00
oy = — - (LO—I—Slm) 14— )+ —(Wv + Syn — I"V*Syoo + My11 — I"LO)
LE® LE®
5 S
+ LI(O)O (Svii —I*V*Syoo + Wy + My — I* LO)-I-ﬂ(I LO — Sp1 + I"V*Si00 — Wi — Mp11)
-1
SnoSvo1 Svio S100
— ——— | Sj00l 1+ —— ) — S110S S —I*V*Ss w My — I*LE®
Iz ][ ( + L@) 110 voo] +{[( Vil voo + Wy +Myvn )L@
S S
+ ng) (Svi = I*V*Syoo + Wy + Myp — I*LO) + (LO +5101)<1 + L’—g)

2 -2
Svoo *y 7% Sno Svio
—(I"LO - Sjn — W —M I"V*S Svoi—| | S 14+ —
+ o ( n 1 —Mm + 100) Vol T 1oo{ 1+ )

S
—4[ Lv@m (I"LO — W+ I"V*Si00 — Sii1 — Mj1) + (Svin — I*LO — I*V*Sygo + Wy + My11)

Sio1 Svio Rk
1+ — S 1 — S110S ,
X( +L@>][100< +L()> 110 voo] }



4514 E.L. Pankratov / Physics Letters A 372 (2008) 4510-4516

I"LO — Qp — St + I*V*S100 — M11 — v S0
LO + azv Si00 + Sio1 '

oL oL
C t)]” aC t 1 C t M
azc:i/-/x[azc+ 1(x, 017 9Cy (%, )dxdt——[/ /3 1(v, )d dxde - M
Lo PY(x, T) ax Lo D1 (x, T)[V*-l—EV(x 0] Lo
00 00

where

a2 =

e L X e L XBC( )
X . : X 1(v,t
S pij = — [k , DI (v, VI (v, t)dvdxdt, W:// / dvdxdt.
pil //Dp(x,T)f LV DRV, OV, Ddvdx ’ o) T H
0 0 0 0 0 0
Some examples of the parameters apr and ap¢ are presented below for several values of y and ¢. For ¢ =1
@ U (4Tal® — Quo0 — Qoro + 2011 4 | ] Tal® — Q100 — Qoto 4~ ’
=759 Hld 100 010 o+1 262 Hld 100 010 o+1
p+1 Mr; LOT?\?
—4——— | uTyT,LO - —— — uTgM ,
) (Mdr + Q101 + Qon g0+1 nTq Tll+(p+1
for p =2
3Mr1
_ 3 _q_ 3 _ _
0T = \/\/q +p’°—q \/\/q +p°+q 3L0 (Q100+Q010 ¢+1),
for p =3
1 16(by —d 1
dor =~ (b4 /sy + b2 —ac) —16y— 2OV =D Ly ey bz ac),
2 V8y+b2—4c 2
for y =1
1 ¢ v* Fac ( )
X v, t
Qp=——"——| 1 11// ! dvdxdt — Mc1 |,
LO — lRo De(x, T)[V* + £V (x, t)]
fory =2

L
1 Lo 1 e\? [Rr 1 v [ aCi(v.t M
a2c=—7(2R12—7>+ T(ZRQ—*) |2 -= // X 1(V )d dxdt — —L )
2Ro n R%, 7 Ro2 1 . Dc(x, H[V* + &V (x, t)] "

for y =3

3 a0 aa A 3 /A N .~ Ri3
azc:\/\/q2+p3—q—\/\/q2+p3+q—R—03,

where
xTkat) [ oTy (v, t) [pv.0) ]
Qz]k // ( ) ]( )|:p( )] dvdxclt,
aass(X) at Cass
3Mri \? (@ +1)3 3Mr11 (¢ + 1)? 2. 3Mr12
_ _ Wwr - T uT?L6 —2Q410 — 2
q <Q100+Q010 §0+1> 271363 Q100 + Qoo o+1 ) 3202 Ty Qo —2Qon + o1
- (¢+1)(MT2T LO + Q102 + r’Lo + Qo12 — wTgMr11 — MTB)
arr p+1 d p+1)
2
e+l 3Mrt1 (p+1)2 5 3Mr12
= - T2LO —2Q110 —
p 316 <Q100+Qo10 o1 ooz \Mla Q110 — Qo1 + o1
¢+1(4Mrn <p+1
= — — s d= T3l —3 -3 4M
o ((p—f—l Q100 — Qo0 ——(uTg Q102 —3Qo12 +4Mr13),
3
o+1 3 o+1 Mrus KTg | 4
= DT, T — -M 1H—+T/,
e= Q103 o +ule+ DT Ty + Qo3 e ) T11(¢ + )L(~) +T;

¢+1/4Mr12 \3/ o 2 \3/ P . c(bd 2 3
- _3 _3 ’ — 2083 _ 5 24 334G <, B - T
) <<p+1 Q110 —3Qio01 y Va +p°—q Va“+pi+q-g a=g\7 ~¢ 3 216



E.L. Pankratov / Physics Letters A 372 (2008) 4510-4516 4515

2.0 1

X, nm

Fig. 2. Calculated distribution of dopant after annealing with continuance
©® =0.0025D¢ /L? (curves 1 and 3) and ® = 0.005Dq; /L? (curves 2 and 4). Curves Fig. 3. Solid line is calculated distribution of dopant. Squares are experimental distri-

1 and 2 are correspond to spatial of distribution of dopant in homogeneous material. bution of boron concentration in silicon (see [11]) for dose F =2 x 10'> cm~2. The
Curves 3 and 4 are correspond to spatial distribution of dopant in MS for Dy < Dy boron distribution has been annealed by 20 laser pulses with continuance 23 ns,
and D1/D; = 4. Solid lines are analytical results. Dashed lines are numerical results. repetition rate 1 hertz and power of density 0.5 J/cm?.

Coordinate of interface is equal to a=L/2.
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Farther let us analyzed the dynamics of redistribution of dopant in the considered MS (see Fig. 1). The obtained analytical relations
give us possibility to analyzed the redistribution during annealing of dopant demonstratively. Using numerical approaches of Egs. (1), (3)
and (4) leads to increase the exactness of the spatiotemporal distribution of dopant concentration.

3. Discussion

Let us to analyse the dynamics of redistribution of dopant in the MS (Fig. 1) for step-wise approximations of spatial distribu-
tion of diffusion coefficients of radiations defects and dopant and thermal diffusivity. In the case the approximations can be written
as Qass(X) = Aass1[1(X) — 1(x —a)] + dtass21(x —a) and Dy (X) =D y1[1(x) — 1(x —a)] + Dy21(x — a), where 1(x) is the unit function; D1,
Dy2, @ass1 and a,ss are diffusion coefficient and thermal diffusivity of the EL and substrate, respectively. Spatial distributions of dopant
concentration for some values of annealing time and difference between diffusion coefficients of EL and substrate are presented in Fig. 2.
For simplification of analysis we consider the following normalization: fOL C(x,t)dx = 1. The figure shows, that interface between layers
of MS gives us possibility to increase the sharpness of (p-n)-junction (if the junction was formed near the interface) and homogeneity
of dopant distribution in doped area. The increasing of the sharpness leads to decreasing of diffusion capacitance of the junction. The
increasing of the homogeneity leads to decreasing of local heating in (p-n)-junction or to decrease the depth of the junction for fixed
value of local heating. Calculated spatial distribution of dopant and experimental one has been compared in Fig. 3.

Increasing of annealing time leads to increase of the homogeneity of dopant distribution and to decrease of sharpness of the (p-n)-
junction. To increase of the effects at one time the annealing time should be optimized. It should be noted, that two limiting cases of
annealing of radiation defects can be considered. The first of them is the limiting case of large time of annealing of defects (spreading
of distribution of dopant is larger, than thickness of EL). The second of them is the limiting case of small time of annealing of defects
(spreading of distribution of dopant is smaller, than thickness of EL). Optimization of annealing time for the second limiting case is
necessary, because the increasing of the annealing time leads to shifting the (p-n)-junction to the interface of the MS. Let us to use
the earlier introduced criterion (see, for example, [6-8,21,22]) for optimization of annealing time. To use the criterion spatiotemporal
distribution of dopant concentration is approximated by the step-wise function (see Fig. 4).

To estimate the optimal annealing time the mean squared error between the real spatiotemporal distribution of dopant concentration
and step-wise approximation function should be minimized. Dependences of optimal annealing time on several parameters are presented
in Fig. 5. The figure shows, that increasing of the thickness of the EL leads to increasing of the compromise annealing time. Increasing of
the ratio D1y /D> and the parameter ¢ leads to decreasing of the annealing time. It should be noted, that annealing by laser pulse with
optimal continuance could be substituted by some laser pulses with smaller continuance, but with high frequency.

4. Conclusion
Analysis of dopant redistribution in a multilayer structure during annealing by laser pulses for production an implanted-junction

rectifiers have been done. The analysis shows, that heating of surficial region of the multilayer structure leads to increasing of previously
described effect of simultaneously increasing of sharpness of implanted-junction rectifier and homogeneity of dopant distribution in



4516 E.L. Pankratov / Physics Letters A 372 (2008) 4510-4516

e 030
1 2, 025 ;
20 1 ,
] 1 0.20 3
v o ]
- L34 / \ 3 0.15 1
s =] .15 -
3y :
1.0 0.10
0.05
05 _
] 0.00 — T T T T T T
0.0 ) 0.00 0.25 0.50 0.75 1.00 125
0 L

X

Fig. 4. Spatial distribution of dopant in MS for implanted-junction rectifier. Curve 1
is idealized spatial distribution of dopant. Curves 2-4 are spatial distributions of
dopant for different values of annealing time (increasing of number of curves corre-

sponds to increasing of value of annealing time). Dii/Do =1 and ¢ =0

D,/D,, ¢, a/L

Fig. 5. Dependences of dimentionless compromise annealing time ¥ = ©@Dg; /L% on
some parameters of MS. Curve 1 is the dependence of ¢ on the ratio Dy /Dy
for ¢ =0 and a = L/2. Curve 2 is the dependence of ¢ on the parameter ¢ for
D11/D2r =1 and a=L/2. Curve 3 is the dependency of the ¥ on the ration a/L for

doped area. Based on recently introduced criterion optimal annealing time, which corresponds to compromise between increasing of the
sharpness of (p-n)-junction and homogeneity of dopant in doped area for this type of annealing, has been estimated. Dependences of

optimal annealing time on several parameters have been considered.
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