Nano Science & Nano Technology: An Indian Journal

Research | Vol 10 Iss 6

“ISSN: 0974-7494

Modification of Distributions of Concentrations Dopants during Overgrowth

of Infused-junction and Implanted-junction Rectifiers

E.L. Pankratov!” and E.A. Bulaeval?

1Nizhny Novgorod State University, 23 Gagarin Avenue, Russia

2Nizhny Novgorod State University of Architecture and Civil Engineering, 65 Il'insky Street, Nizhny Novgorod, 603950,
Russia

*Corresponding author: E.L. Pankratov, Nizhny Novgorod State University, 23 Gagarin Avenue, Nizhny Novgorod,
603950, Russia, E-mail: elp2004@mail.ru

Introduction

In the present time integration rate of elements of integrated circuits intensively increasing [1-10]. At the same time
dimensions of elements of these integrated circuits decreasing and their parameters improved. To increase the integration rate
and to decrease dimensions of these elements several approaches have been elaborated and intensively using in the present
time [1-10]. Framework this paper we consider a hetero structure. The hetero structure consist of a substrate with known type
of conductivity (n or p) and an epitaxial layer. The epitaxial layer has been doped by diffusion or by ion implantation to
manufacture another type of conductivity (p or n). Farther we consider overgrowth of the epitaxial layer by an over layer
(Figure 1). The overlayer has the same type of conductivity as type of conductivity of the substrate. Main aim of the present

paper is analysis of influence of overgrowth of the epitaxial layer on distribution of dopants in the considered heterostructure.
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Figure 1: Heterostructure, which consist of a substrate, epitaxial and overlayers.

Method of solution
To solve our aim we determine and analyzed spatio-temporal distribution of concentration of dopant in the considered
heterostructure. To make the analysis we solve the following boundary problem [1,11-13]
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Here C (x,y,z,t) is the spatio-temporal distribution of concentration of dopant; Q is the atomic volume; symbol

Vs is the surface gradient; "fz C (X, y, z, t )d Z is the surface concentration of dopant on interface between

-vt

layers of heterostructure (in this case we consider, that direction Oz is perpendicular to the interface between

layers of heterostructure); u (x,y,z,t) is the chemical potential (reason of accounting of the chemical potential is

mismatch-induced stress); D and Ds are the diffusion coefficients of volumetric and surface diffusions (reason of

the surface diffusions is mismatch- induced stress). Values of these diffusion coefficients depend on properties of
materials of heterostructure, temperature and speed of heating and cooling of heterostructure, spatio-temporal

distributions of concentrations of dopant and radiation defects. Approximations of the above dependences could

be approximated by the following functions [13,14]
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Here DL (x,y,z,T) and DLs (x,y,z,T) are the spatial (due to inhomogeneity of heterostructure) and temperature (due
to Arrhenius law) dependences of dopant diffusion coefficients; T is the temperature of annealing; P (x,y,z,T) is
the limit of solubility of dopant; parameter y depends on properties of materials of heterostructure and could be
integer in the following interval y €[1,3,14]; V (x,y,z,t) is the spatio-temporal concentration of radiation vacancies;
V" is the equilibrium concentration of vacancies. Concentrational dependence of dopant diffusion coefficients has

been described in details in [14].
We determine spatio-temporal distributions of concentrations of point defects by solving the following system of equations
[1,11-13]
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with boundary and initial conditions
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Here | (x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials; 1" is the equilibrium
concentration interstitials; Di(x,y,z,T), Dv(x,y,z,T), Dis(x,y,z, T), Dvs(x,y,z,T) are the coefficients of volumetric
and surface diffusion; terms V2(x,y, z,t) and I2(x,y,z,t) corresponds to generation divacancies and analogous
complexes of interstitials (for example, [13] and appropriate references in this work); kiv(x,y,z, T), ki,1(x,y,z,T)

and kv v(x,y,z,T) are the parameters of recombination of point defects and generation their complexes; k is the
Boltzmann constant.

We determine spatio-temporal distributions of concentrations of divacancies @y (x, y,z,t) and diinterstitials @& (x,y,z,t) by

solving the following system of equations [11-13].
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Here Dai(x,y,z,T), Dav(x,y,z,T), Dais(x,y,z,T) and Davs(x,y,z,T) are the coefficients of volumetric and surface

diffusion; ki(x,y,z,T) and kv(x,y,z,T) are the parameters of decay of complexes of point defects.

We determine chemical potential 4 in the Eq.(1) by the following relation [11]
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where E is the tension modulus (Young modulus); Uij 2| 8 X 8 X | is the deformation tensor; aij is the

i)

stress tensor; ui, Uj are the components ux(X,y,z,t), uy(x,y,z,t) and uz(x,y,z,t) of the displacement tensor U (X, y’ 2t )
; Xi, Xj are the coordinates x, y, z. The relation (3) could be transformed to the following form
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where o is the Poisson coefficient; sp=(as-aeL)/aEL is the displacement parameter; as, aEL are the lattice distances

of the substrate and the epitaxial layer; K is the modulus of uniform compression; b is the coefficient of thermal

expansion; Tr is the equilibrium temperature, which coincide (in our case) with the room temperature.
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Components of the displacement vector could be determined by solving the following system of equations [15].
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The tensor dij describes the Kronecker symbol. Accounting relation for aij in the previous system of equations last
system of equation could be written as:
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Systems of conditions for these equations could be written as:
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We determine spatio-temporal distribution of concentration of dopant by method of averaging of function corrections [16-

22]. To use the method we re-write equations (1), (3) and (5) with account appropriate initial distributions, i.e. in the
following form:
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Further we replace required functions in right sides of equations (1a), (3a) and (5a) on their not yet known average values
a1p. The replacement leads to the following transformation of the above equations:
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Integration of the left and right sides of equations (1b), (3b) and (5b) give a possibility to obtain relations for the first-order
approximations of the considered concentrations in the following final form:
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We determined average values of the first-order approximations of the considered concentrations by using the following
standard relations [16-22].
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Substitution of the relations (1c), (3c) and (5c) into the relation (9) gives a possibility to obtain appropriate average values in
the foIIowing form:
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We calculate approximations of the second and higher orders of concentrations of dopant and radiation defects framework
standard iterative procedure of method of averaging of function corrections [16-22]. Framework the procedure to calculate
approximations of the n-th order of the above concentrations we replace the functions C(x,y,z,t), 1(x,y,z,t), V(X,y,z,1),

a(x,y,z,t) and @v(x,y,z,t) in the equations (1a), (3a), (5a) on the sums of the not yet known average values of the considered

approximations and approximations of the previous order, i.e. anpt+pn-1(X,y,z,t). After the replacement takes the form:

oC (kyzt) off [e +Cxyzt)]I[  Vvyzt) VvV (xyzt)l
2 Z_!xl-i-é ¢ 1 Z}1+g +¢ i | x

yam) vVox

‘KL re I 1 2 PR ]
D (x y,zT)aC(—‘LZtD 0 ” gV(X’y,Z,t)JrgVZ(X’Y’ZJ)]@l(ALLI)X

[ [a +C, zt\L N o 1 V(x,y,z,t*) JV (x,y,2,t)]
D (x,y,z,T)1+§ c 1 ZH+_\1‘+g +¢ i | x

: L [ J) I
D L(x,y,z,T)@lLth) 1+§[_zc Lthﬂf |\+f (x,y,2)5(t)+

0z | P (x v, 2T) |
o 0[D v, N
ox kT J
a ( Lz W
Q W LkT—s Vs (X, Y, 2,t) II?ZC +C(x,yW,t)]d WJF (1d)

11



www.tsijournals.com | June-2016

o1 (xyzt) - ¢ I_D(x,y,z,T)ﬂl(LLLI)—}Jr % I—D(x,y,z,T)_ﬁll(LLLI)—lJr

ot oxl ox oyl oy |
| ¢ D (XY, z,ﬁ_ﬁll(llﬁ;bli)}_k (xv,2T) [a +1(xy.zt)][e +V(xy zt)]-
. oD A
kio (%Y, zT) [an +L(xy, zt)] +a { s Veuloyat) i [ee + (YW, t)]dW ¢+
ox kT " J
0 D — — ]
Q g ,SVy(Xth)J[a +|(xyW t)]dw ¢ (3d)
oy lkT® : J
OV (xV.2.t) = & D(xy¢1ﬂ OV (%,y.2 ,)h—a rD(x%zT)ﬂVLJthﬂ+
ot ﬁxL ox | ﬁyL Ay J
|
v (xy, 2T @Y nih) ~kiv(xy, zT)[ou + 11 (x,y, z,t)][oav +V1 (x,y, 2t )]~
ozl o1z
k (xv.2T)[e V(xyz)]+Q 2 D vu(xy zt)fe +V(xyW.t)]dwl+
2 VS
V.,V 11 1 S 21 1
ox kT J
o D e wV (X yWot)]dw)
Q < VS Vaulxyzt)
0 J
o0 (xy.zt) 4D (xy,zT )a® (xvzt)l+ 21D (xy,zT) 20 (xy.zt)l+
= - . ! . u |
ot oxL ox oyl oy |
¢ H)(x%zﬁ)égaiLMJﬁIFk”(x%zI)hOg%Lﬂ+f@pg%0§0)+
ozl oz |
0 (D z ]
ki (x,y, ZTI (X, y, Z,t J+ Q 1 es Vsu(xy,zt) Y [aee +ou(xyW.)]dWh+
I8x (kT — vt |
0 [chs ]
‘Q — Vsy(xyzt)f[azcm + @y (x, YW t)]dw b (5d)
A ) ]
o0 (Y zt)= T IDa(cy 2T ) DAY | +—Pay (6 y, 2.7 )0 Dy (0 %oy |4
ot x|, OX | oyl Jy ]
o T 00y (%Y. 2t)] z

| Dav (X,Y,2,7T) l+ky v (X, y, 2T )V %y, zt )+fov (x,y,2)5(t )+

ozl oz |



www.tsijournals.com | June-2016

O [ os )
k (%Y, zT)V(xy, zt)+Q %DV Vouxyzt)v e, +<Dlv(x,y,W,t)]dW}+
ox kT ’ -vt v J
ol o5 ]
O e +@  (xywWt)]dw?
oy kT A v J

Integration of left and right sides of Eqgs. (1d), (3d) and (5d) gives a possibility to obtain relations for the second-order

approximations of the required concentrations of dopant and radiation defects in the following form:
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We calculate average values of the second-order approximations of required functions by using the following standard
relation [16-21].
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Substitution of the relations (1e), (3e), (5€) into the relation (10) gives a possibility to obtain required average values 2o
(b+E) ( ©®aF+® LLLb) b+E
: | 2 |
2 il 3
N y [ X

o2c=0, cea1 =0, crav =0, & 2y 2\/ ?4b2 —4‘ F+ Y b ‘_ 4b
4 L 7 ) Z
C -a,S - (28 +S +®LLL)—S -S

2V VV 00 2V VV 01 1V 10 X y 1z
21 S +a S

IV 01 2V IV00

Hereb =1 sz s -1 s2 5 b=-25 +S +6LLL)x
4 OLL L wvoovvoo OLL Lwoo 1100 3 WV 01 IV 10x y 1
X y z X y z

S S S (8 425 45 +@OLLL)+S (25 +S +OLLL)x

1100 VV 00 V00O VV00

OLL L OL L LV 10 1vo1 X y 1 L wa IV 10 X y z

X y 2 X y z

1 -85S , =55 (S +5 +C)-(OLLL-25 +5 )+5 «x

v 00 IV 10 1100 WV 00 1V 01

2 VWV 02 V11 \Y Xy z VV 01 V10
L—lm —r,_—._— @L—L—L— BL-

y Xy X

(@LLL+28 +S )+S (OLLL+S +25 +25 )(28 +

I I y z 1110 V01 (E)I I | y 2 V01 1110 V01 VV 01

Iv11

y z Xy 1

eLLL+s )-- 1 5 (c-s -s )+ €S2 28 §

I IvV0o V10 1V 00 S

X y 2 IV 10 @I I IIVOO \ VV 02 Vi1 2 22 2 @I I I 1V 01
0 LL L

X y 2 X y z Xy 1

b_sS +S +C (25 +s +®LLL)+S®LLL+ZS £S5 x

V11 VV 02 \ 7 1110 V01

1 1100 @L L LVVOl 1V 10 X y z V01 @L L L

25 45 + G)L LS C 500 s
( Z) Vo (3S|\/ 01 + 251 10 + OLy Ly L, )+ Ci x

V01 1V 10
oL, Ly L, _
XZblvooblvm_ S S 2 'bo_buoo (S + S )_2 C —S—‘S (@LX Ly Lz +
X Xy 1 Xy z
25 +5 +25,-5 C-S -S

o 'V°1) v v (@Lx LyL: +2 810+ Sva ) C =Svwx
O L LyL,
a 1Ia1Va ) SIIOOS IIZOSIIZOS IV 112

OLLL +OLLL —-®OLLL —-O®LLL ,Cv =0!1|CZ1VS|V00+a1vvaoo—vaoz—S|v11_
X y z X y z X y z X y z
: ®a
E= 8y+0%% -40%2,F= 2+\/\/_2_s,?—r \/\/—ZTs?+r r=©°%; (4b-
az a 6a 24h% 0

4 44 4



www.tsijournals.com | June-2016
bb) O ( b ) @b ®b o)
OLLL . 3I—b 2|‘4®b—® 23|| 2
xy 2 08 2 2 b_ T
) \ 4) 4 4 4
LLLbb) -Oh /18b.

Xy z
Further we determine solutions of Egs.(8). In this situation we determine approximation of displacement vector. To
determine the first-order approximations of the considered components framework the method of averaging of function

corrections we replace the required values on their not yet known average values aii. The replacement leads to the following

result:
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Integration of the left and right sides of the previous relations on time t gives a possibility to obtain the required components
to the following result:
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The second-order, the third-order, ... approximations of the displacement vector could be calculated by standard replacement
of the required functions in the right sides of the Egs.(8) on the following sums a1i+ui(x,y,z,t) [19]. The replacement leads to

the following result:

16



www.tsijournals.com | June-2016

ou (xyzt) | 5E(z) | Qg x.V.zt) | E(z) |
p@ P, =K @ » HK@ - x
ot 2 L 6[1+co (z )]a X2 L 3[1+0(2)]

d. (xyzt) EQ) ra_Lum_ 0 y gy [ 4E(£)_J )
1y + Ly + 12 +%K(Z)+ g
oX oy 2[1+0(2)] oy o0z | ¥ 3[1+0(2)]

L i

o°u (xyzt)_K(z)ﬁ(z) oT (X, Y, z,t)
8xaz
ou byt ) EQ |au(xy,zt) ou (xy.zt)l Mx

p(Z) 2y 1y + 1x ‘
ot 2H+0Qﬂ ox’ 0X0y | oy
e+ E{) \cu ezt —=oeu (xy.zt)ll 7 . (xyzt)

K@p@)+ 1 " oy, o x

oz L2[1 +o(2)] |62 oy 0y:

[ 5E(z) — ‘Tt E(z»—ou,,. 7 ou—(xy zt)

+K (2) +, K(2)- . +K(2),,

% : } oyoz

—Lf1e@} | 6[1+(2)] axay

L

Lo O AX zt) . E(Z) E (_n_\L_n_) (_n_\[:_n_) Q(_I_Yn_n_) N

2L ot 2102

ou (x y,ztﬂ o ()|r8u (x.y. 2t ! au (x y,zt) au (_1th)1

1(y3yazJ 6—1 L ox oy ¥ "
10l a_qzm_z.t_)_@MmAt_)_au”(x,y,z,t)_a_ulzgyl;g)W
60z L 01 d X Jy oz |
EQ K@) k)
1+0(2)) 0z

Integration of the left and the right sides of the above equations on time t leads to final relations for components of
displacement vector:
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Framework this paper all required concentrations (concentrations of dopant and radiation defects) and components of
displacement vector have been calculated as the appropriate second-order approximations by using the method of averaging
of function corrections. The second-order approximation is usually enough good approximation to obtain qualitative and
several quantitative results. All analytical results have been checked by comparison with results of numerical simulation.

Discussion

In this section we analyzed redistribution of dopant with account redistribution of radiation defects (for the ion doping of
heterostructure) and interaction of the defects with another defects. If growth rate is small (v t<D1/v), then overlayer will be
fully doped by dopant, which was implanted in the epitaxial layer. Framework another limiting case it will be doped near-
surface area of the overlayer only. If dopant diffusion coefficient in the overlayer and in the substrate are smaller, in
comparison with the epitaxial layer, and type of conductivity of the overlayer and the substrate is different with type of
conductivity of the epitaxial layer, than one can find a bipolar transistor. In this case sharpness of p-n-junctions framework
the transistor is higher in comparison with a bipolar transistor in homogenous sample with averaged diffusion coefficient of
dopant. At the same time one can find increasing of homogeneity of concentration of dopant (Figure 2). Qualitatively similar
results could be obtained for diffusion type of doping. If dopant diffusion coefficient of the overlayer is larger, than in doped
epitaxial layer, sharpness of left p-n-junctions became smaller with increasing of homogeneity of concentration of dopant in

the overlayer (Figure 3). Qualitatively similar results could be obtained for diffusion type of doping.
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Figure 2: Calculated spatial distributions of concentration of implanted dopant in homogenous sample (curve 1)
and in heterostructure from Figure 1 (curve 2) after annealing with the same continuance. Interfaces between

layers of heterostructure are: a1=Lz/4 and a2=3L;/4.

Further we analyzed influence of mismatch-induced stress on distribution of concentration of dopant. We obtain during the
analysis, that p-n-junctions, manufactured near interface between layers of heterostructures, have higher sharpness and higher
homogeneity of concentration of dopant in enriched area. In directions, which are parallel to the above interface, one can

obtain changing of distribution of concentration of dopant due to existing mismatch-induced stress. For example, for <0 the

above distribution in directions x and y became more compact (Figure 4). For >0 one can obtain opposite effect (Figure 5).
It should be noted, that radiation processing of materials of heterostructure during ion doping of materials gives a possibility

to decrease mismatch-induced stress (Figure 6).
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Figure 3: Calculated spatial distributions of concentration of implanted dopant in over- and epitaxial layers
(curves 1 and 2) and in epitaxial layers only (curves 3 and 4). Increasing of number of curves corresponds to

increasing of value of relation D1/D2. Interfaces between layers of heterostructure are: ai=Lz/4 and a2=3L/4.
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Figure 4: Spatial distributions of concentration of dopant in diffusion-junction rectifier after annealing with equal
continuance. Curve 1 corresponds to &<0. Curve 2 corresponds to &=0. Curve 3 corresponds to £>0.
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Figure 5: Spatial distributions of concentration of dopant in implanted-junction rectifier after annealing with

equal continuance. Curve 1 corresponds to £<0. Curve 2 corresponds to &=0. Curve 3 corresponds to &>0.
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Figure 6: Normalized dependences of component uz of displacement vector on coordinate z for epitaxial

layers before radiation processing (curve 1) and after radiation processing (curve 2)

Conclusion

In this paper we analyzed influence of overgrowth of doped by diffusion or ion implantation areas of heterostructures on
distributions of concentrations of dopants. We determine conditions to increase sharpness if implanted-junction and
diffusion- junction rectifiers (single rectifiers and rectifiers framework bipolar transistors). At the same time we analyzed
influence of overgrowth rate of doped areas and mismatch-induced stress in the considered heterostructure on distributions of
concentrations of dopants.
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