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ABSTRACT

Inthis paper weintroduce an approach to manufacture afiel d-effect heterotransi stor with two gates. Framework the
approach we consider a heterostructure with required configuration, doping of required parts of the heterostructure
by diffusion and/or ion implantation and optimization of annealing of dopant or radiation defects. The introduced
approach of manufacturing of transistor gives us possibility to decrease area of surface and thickness of the
transistor. In this paper we also introduce an approach to make prognosis of mass and heat transport with account
variation of parameters of these processes in space in time and nonlinearity of these processes.
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INTRODUCTION

Development of solid state electronic (increas-
ing of integration rate of el ements of integrated cir-
cuits, their reliability and frequency characteristics)
leads to elaboration new and optimization existing
technological processes*®. During elaboration of
new and optimization of existing technological pro-
cesses it is attracted an interest modeling of appro-
priate physical processes. The modeling gives us
possibility to make prognosis of the processes and
characteristics of elaborating devices. Using math-
ematical modeling leadsto necessity to devel opment
approaches of solving of adequate models.

In this paper we consider a heterostructure,
which consist of a substrate and an epitaxial layer.
The epitaxial layer includes into itself several sec-
tions manufactured by using another materials (see
Figure 1). These sections have been doped by diffu-

sion or ionimplantation to produce required type of
conductivity (p or n) during manufacturetherequired
transistors. Farther we consider annealing of dopant
and/or radiation defects. Main aim of the present
paper is analysis of dynamics of redistribution of
dopant with account redistribution of radiation de-
fectsto determine conditions, which correspondsto
decreasing of dimensionsof transistors. The accom-
panying aim of the present paper is development of
approaches of modeling of technological processes
accounting required quantity of influencing factors.

M ethod of solution

To solve our aim we determine spatio-temporal
distributions of concentrations of dopants. We cal-
culate the required distributions by solving the sec-
ond Fick’slaw in the following form®1

AC(xy,zt) & 2 C(x,y,zt)
oY B _ O p 2EY. 20,
ot JX X
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Figure 1 : Sructure of epitaxial layer.View from top
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(1)

ay ay oz oz
with boundary andinitial conditions
oC(x,y,zt) o 0C(x,y,z1) 0 oC(x,y,zt) 0 oC(x,y,zt) 0
a X x=0 , a X ‘X:LX , a y ‘y:O ’ a y x=L, ’
o0C(x,y,zt) oc(xy.zt) _
57 LO =0 o0z - - O, C (x,y,2,0)=f (x,y,2). (2)

Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; T is the temperature of
annealing; D isthe dopant diffusion coefficient. Val ue of dopant diffusion coefficient depends on proper-
tiesof materialsof heterostructure, speed of heating and cooling of heterostructure (with account Arrhenius
law). Dependences of dopant diffusion coefficient on parameters could be approximated by the following
relation*-13

C’(xy,zt) V(x,y,zt)  V3(xy,zt)
D.=D/(X,y,zT)| 1+ —F/——= || 1+g, - ) -
c L(X Y, 2 )|: +¢ Py(X, y,Z,T):H: te v T (V ) : (3)

where D, (x,y,z,T) is the spatial (due to presents several layers in heterostructure) and temperature
(duetoArrheniuslaw) dependences of dopant diffusion coefficient; P(x, y,z,T) isthelimit of solubility of
dopant; parameter y depends on properties of materials and could be integer in the following interval y
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e[1,3]™; V (x,y,z,t) is the spatio-temporal distribution of concentration of radiation vacancies; V" isthe
equilibrium distribution of concentration of vacancies. Concentrational dependence of dopant diffusion
coefficient hasbeen described in detailsin™. It should be noted, that using diffusion type of doping did not
generation radiation defects. In this situation £,= C,= 0. We determine spatio-temporal distributions of
concentrations of radiation defects by solving the following system of equationg*?*3

ol (xy,zt)_a Dl(x,y,z,T)al(X’y’z’t) L0 Dl(x,y,z,T)aI(X’y’Z’t) .\
ot 0 X 0 X oy oy

+ i{u (X, Y, Z,T)M} -k \Y; (X1 Ys Z1T)| (X’ Y; Z,t)V(X, Y, Z’t)_

0z 0z
—K (X, ZT)1%(x,y,zt) (4)
8V(x,y,z,t):i{DV(X’y’z’_l_)av(x,y,z,t)}r 0 {D\,(x, y’Z,T)av(x, y,z,t)}r
ot 0 X 0 X oy oy
+§{D\,(x, Y, z,T)aV ()(; Y, Z’t)} —k (¥, ZzT)1(X Y, zt)V(X,y,zt)-
z z |

—k, v (X, ¥, ZT V(X y,2,t)
with boundary andinitial conditions

o dplxyzt) g dplyzt) o dpkeyzt) g
Coox oy, ey |

x=0 X=L,

op(xy,zt)
oX

0 p(xy,z1) 0 2 p(x.y,zt) -0
az ‘Z:O az

Here p =1,V; | (X,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials;
Dp(x,y,z,T) are the diffusion coefficients of point radiation defects; termsV?3(x,y,z,t) and I3(X,y,z,t) corre-
spond to generation divacanciesand diinterstitials; k; , (X,y,z, T) isthe parameter of recombination of point
radiation defects; k, (x,y,z,T) and k,, (X,y,z,T) are the parameters of generation of simplest complexes of
point radiation defects.

We determine spatio-temporal distributionsof concentrationsof divacancies®,, (x, y,z,t) and dinterstitials
@, (x,y,z,t) by solving the following system of equationg**3

oD, (%Y, z,t)zi{D@I (xy, z,T)m"(X’ Y, z,t)};{% (xy, Z’T)ﬁqb,(x, Y, z,t)}r
y

p (xyZ0)=f_ (xy.2). )

z=L,

ot OX OX oy

)ﬁCD, (x,y,z,t)

e }+ k., (%Y. ZzT)1%(xy, zt)-k (X ¥, ZzT)I (X, y,2t) (g

0
+—|D_(XVY,2T
az{ o (XY
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§®V(2,ty, Z't)=§{D¢,V(X, v z,T)mDV(X’ Y, Z’t)}i{D@V(x, V z,T)aCDV(X’ Y, z,t)}+
X OX oy oy

+ %{D@v (%Y, Z’T)é’CDV (;Zy Z,t)} +K,y (%Y, ZTIV(X, Y, 2t) - K, (%, ¥, ZT)V (X, ¥, 2, t)

with boundary andinitial conditions

8(1)p(x,y,z,t)| 0 8®p(x,y,z,t)| o a®p(x,y,z,t)|

= = =0
0 X ‘X:O ’ 0X ‘X:Lx : oy ‘y=o '
o0, (x %zt _ 00, (xy.zt) o 00, (xy.zt)
oy ., oz o oz !
O, (x,y,2,0)=f, (X,y.2), @, (X,,2,0)=f , (X,y,2). (7)

HereD (bp(x,y,z,T) arethediffusion coefficients of the above complexes of radiation defects; k (x,y,z,T)
andKk, (x,y,z,T) arethe parameters of decay of these complexes.

It should be noted, that nonlinear equationswith space and time varying coefficients are usually used to
describe physical processes. Although the equations are usually solved in different limiting cases+7.
One way to solve the problem is solving the Egs. (1), (4), (6) by the Bubnov-Galerkin approach!*® after
appropriate transformation of these transformation. To determine the spatio-temporal distribution of con-
centration of dopant we transform the Eq.(1) to thefollowing integro- differential form

XYz , ,
XYZ F e (uvmt) dwdvdu= Y2 [} F1eg Y 0ovwe) | VW) |
LxLyI— LyLyL, LyLzo'-yLz V (V*)
C’(x,v,w,7) | & C(x,v,W,7) X7 txz
X DL(X,V,W,T) |:1+§ Py(X,V,W,T)} 2 x dT"‘IJ(;I:[I:[DL(U,y,W,T) X

X{l+glv(u,y,w,r)+ Vz(u,y,w,r)}{1+ cy(u,y,w,f)}a Clu,y,w,z)

V' S2 (\/)2

Xy txy V(uv,z,z)  V*u,v,z7) C’(u,v,z,7)
D T)1 1

i dlieduve ){ BV Vi =TT

Locuv.zr)

Xy 2
f(u,v,w)dwdvdu
Y LXLyLZL{L{L{ (uv.w) - (18)

We determine solution of the above equation by using Bubnov-Galerkin approach*®. Framework the
approach we determine solution of the Eq.(1a) asthe following series

Colx ¥,2t)= 2 a6, (x) ¢, (¥) ¢, (2) € (t)
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where €, (t) = exp[— ﬂznzDOCt (L’X2 + L’y2 + L;z )] ¢,(x) = cos (m ny/L,). The above series includes

into itself finite number of terms N. The considered series is similar with solution of linear Eq.(1) (i.e.
with & = 0) and averaged dopant diffusion coefficient D . Substitution of the seriesinto Eq.(1a) leadsto the
following result

XIZE ¢ (3)5,(y)82) alt)- - 22

y—z

g V(xv,w,7) V(x,Vv,w,7) N
XP7(X,V,W,T)}|:1+G1 v e vy }DL(X’V’W’T)%%cSn(X)Cn(V)X

<

[T Sacamememe )] »

y=z

cn e A2 [Sace e ameds)] 5ol

X~z X=z

xDL<u,y,w,n{uglv(“'yzw’fhg Wy, Wf)}zn (1) 5,(y) ¢,(W) e (c) dr x

v SV
o v 1 E o Sacaa Mm@ e |

P (u,v,zT

Xy
L.L

x—y U

— X
—

X Qe —

O —
—
—

y

x{1+g1V(UC’;Z,r)+g2V (UVZT)}znanC ¢ (U)e(v)s(2)ec(r)drs—XYZ «

vy

f (u,v,w)dwdvdu

—N

j
X Ly
wheres (y) =sin(rmny/ LX). We determine coefficients a by using orthogonality condition of terms of the
considered series framework scale of heterostructure. The condition gives us possibility to obtain rela-
tionsfor calculation of parametersa, for any quantity of termsN. Inthe common casetherelations could be
written as

2122

L L)L, N a. L, L,

(L,
x =y =z t)= _ ¥
° %ns "C() 272'2'([£

— X

X

—
—

4

L{)DL(X Y, Z, T){ Zlanc c,(x)c,(y)c,(2) ec (T)T x

£ V(xy,z7)  Vixyzr)|Na,
x e been, Ve 2 s e (e (e

Ly
{, DL(x Y,2,T)x

o—I"

1

ot_,r-r

T n

x{ysn<y>+;—y[cn(y)—l]}{zsn<z>+ - fe,(2)- ]}dzd ydxde-
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x D, (x, Y, z,T){1+ L%ahc c.(x)c.(y)c,(2) e, (r)}y ° HLL gl\ij

P"(x,y,2T)
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vy vy
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b 5290 ()] 280+ 11 fo(2)- 1 za yaxas -
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n=1 N
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n
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Asan examplefor y =0 weobtain

1ys 00 21 f{zs @ o) 20 zayxs 9+

n
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[cn<x>—11}fcn<y>{sn<y>x

« D,(x,y,2T)dzd yd xdr+}enc(f)j*cn(x){xsn(x)+ L,

0 n 0
X Y+i[c (y)-1] Ljzsh(ZZ) D (x,y,zT)|1+ 3 1+g Vixy.27)
n- " 0 L P (xy,2T) 2 (\/)2
V(XY 27 L2212 B
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For y = 1 one can obtain the following relation to determine required parameters

a - —f—”i\/ﬂf +aa, fe, e, (y)fc,(2)f(x y.2)d zd yd x
a, 0 0 0

sLL,t Ly Ly L, V(XV,2z7 V3(x,y,z1
where &n = 27ry2n genc(r)isn@x)g Cn(y)£|:1+gl ( \31 )"'gz ((V*y)z ):| X

<6, (2) 20 Z'T){ysn<y>+i[cn<y>—1]}{zsn<z>+ = [cn<z>—11}d 2dydxdes

n

D, (x,y,zT V(x,y,z VZ3(x,y,z, SLL
x ¢ (2) (xy ){1+ ] (\3/ T)+g2 ((Vy)2 T)}dzdydxdr+ 27z2nyx
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L ’ L V(xy,z7)  Vixy,z71)
oo 00+ o -1 fa e e V502 V2
L L

xC (2)D_(x,Y, z,T){zsn(z)+ L. [cn(z)—l]}d zd yd xdr+ﬁ}enc(r)tf:{xsn(x)+

7n Nz o

n 0

n(x)_l]}z{ysn(y)_i_i[cn(y)—l]}iz{l-k glV (X,Vy*, Z,T) +c, VZ(X, *y, Z,T)} X

x 5,(22)D, (%, v,z T) d zc (y)d yc,(x)d xd 7 — LiL2 L2e . (t)/~°n®

Analogous way could be used to calculate values of parameters a_for Iarger values of parameter y.
However the relations will not be present in the paper because the relations are bulky. Advantage of the
approach is absent of necessity to join dopant concentration on interfaces of heterostructure.

Equations of the system (4) have been al so solved by using Bubnov-Galerkin approach. Previously we
transform the differential equationsto thefollowing integro- differential form

1ol (x,v,w,7)

D, (x,v,w,T) dwdvdr x

—_<
—N

Xyz xyz
[ (u,v,w,t)dwdvdu=
L )

yzxyz y

O —
-
-

z

yZ  XZ ol (u,y,w,r)

ZDu,,W,T
LL L J'(y /

y —z X~z = Xz

dwdudz - ﬁfk,’v(u,v,w,T) X

LxbyL,

X

O —_—
—x

-

o1 (u,v, z,r)><
0z

x| (u,v,w,t)V(u,v,w,t) dwdvdu nyz + ny ijj

Xy -z Xy o XY

x D, (u,v,zT)dvdudr -

f jfk,,I (u,v,w,T)1%(u,v,w,t) dwdvdu +

L

Xy
XYz x¥z

+ LL I:[LJ;,I:[fl (u,v,w)dwdvdu (4a)
Xyz fjfv(u,v,w,t) dwdvdu= HTDV(X,V,W,T)aV (X’V’W’T)deVdT X

Lx Ly LZ LxLyL, oLyL, 0X
(Y2 X2 (o, y,WT\aV(“’y'W’T)dwdudH}ffDV(u,v,z,T)x

LyLZ L 0 LyL, Olxly
oVuvze) oo XY xyzZ Tk (uv, W, T (v, wit) <

0z Lx Ly Lx Ly LZ LxLylz

flano Soienoe and flano Teohnology

e Todian Pnnal, e ———————




NSNTAIJ, 10(1) 2016 E.L.Pankratovand E.A.Bulaeva 21

—=  Full Paper

K, o (U, v, W, T)V?(u,v,w,t) dwdvdu +

Xyz xY
V(u,v,w,t)dwdvdu—
* ( ) LLL, ”

Xy y

l_t_.N

XYy z
f (u,v,w)dwdvdu
LXLyLZ ”LJ V( ) '

Farther we determine sol utions of the above equations as the following series

Pl y.2)= 24, ¢,(x) ¢,(¥) ¢, (2) &, (1),

where g, arenot yet known coefficients. Substitution of the series into Egs.(4a) leads to the following
results

xyz 2 588 (y) s (2)e, (t):_Lyszi %an. ijcn(y)jcn(z)Dl (xv,w,T) dwdv x

<e,()dr 5,007 $a, 5 (y)fe, (e, (e, (2D, (. ywT) dwdude -

Xy -~z

- LXEU[ iam s,(z )j e, (T)TCH(X)TCn(y)D,(u,v,z,T)dvdudr—fﬁk,’l(u,v,v,T)x
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LLL LLL, JL{JZI% c,(u)c,(v) c,(w)x

«Ba 6, )6 v)c,w)e, 1) dwavdu

x e (t)iahV c,(u)c,(v)c,(w)e,(t)k , (u,v,v,T)dwdvdu+ i fj f (u,v,w)dwdvdu x

xLybz

X258y 5 (%) s,(y) s(2) e, (1) =222 Fa, | [e,(v)]c,(2)D, (x v,wT) dwdv x
z° nmn® L LyLZ n=1 oLy L,

X

xe,(r)dr s (x)- LXE’E ni a,s(y ); nv(r)icn(x)icn(z)Dv(u,y,W,T)dwdudr—

L L i 5,(2 ):f) nv(r)jcn(x)jcn(y)Dv(u,v,z,T)dvdudr—jjjkw(u,v,v,T)x

Xyz  Xyz %Yz

LLL LLL ”LI 1aan( u)c,(v) c,(w)

Xy —z

a,c(u)c(v)c(we, (t)]zd wdvdu

X
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We determine coefficients a, by using orthogonality condition on the scale of heterostructure. The
condition gives us possibility to obtain relations to calculate a, for any quantity N of terms of considered
series. In the common case equations for the required coefficients could be written as

L2212 n 1 t L Ly
Bhiga o g L oga i cn<zx>]f{Ly+ ys.(2y)+ n<zy>—1]}x
T n=1 N 27 L n= 1 n 00 0
<D, (x,y, z,T%zsn(zw n<z>—1]}d zdydxe, (7)dr - 1L 38 [1{xs 2+
0 T n=1 00

PR LTV RSO

n 0

:_[c (22) —1]}d z[1-c (2y)]

2z n

L

xdydxe (r)dz[D,(x,y, z,T){LZ +2s,(22)+

0

z [cn(22)—1]}d zdydxe,(r)dr -

27n

_%LGil%il{l_x +Xs,(2x)+ 27zxn [cn(2x)—1]}}:{Ly +ys (2y)+ Z;Vn [cn(2y)—1]} X
ijZ[l— c.(22)]D,(x,y,zT)dzd ydxe, (r)d 7 - Zam  (2t) Lj{ )-1]+
+ xsn(2x)}Ljy{Ly +ys (2y)+ I;Tyn [c.(2y)- } (x,Y, zT){ )—1]+

Lx

25 (22)dzd ydx- 33,3, (0, ){{LXJFXS”(ZX)

(2x)- 1]} !) L+

+ys (2y)+ n(2y)—1]}12kI (XY, z,T){LZ +2s(22)+ n(22)—1]}d Z x

cayax1{xs00s Lo -1 ys s o)1 r (2T

n=1 9
x{Lz+zsn(22)+ :_[c (22)-1];}d zd yd x
2zn
LLL w 1 ~xa, tk Ly L
e zli“: e, (t)= ﬁ;ﬂn—gll[l—cn(Zx)]g{Lﬁysn(2y)+ ﬂyn[cn(ZY)—l]}x
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T

In thefinal form relationsfor required parameters could be written as

,:—b3+AJ_r\/(b3+A)2—4b4(y+b3y_7”\’/1§'j anV:_ynla§|+5nlanl+ﬂ”nl
4b, 4 A ' X &y ,

LyL

jyfkp’p(x, 2 z,T){LX +xs,(2x) +

n<zx>—1]}{ysn<zy>+Ly+

Ly
where 7, = ( ){

y t
+27zn 27an ({enp()
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We determine spatio-temporal distributions of concentrations of complexes of radiation defectsin the
followingform

D%y, 2.1)=2a,,¢,(x) ¢, (¥) ¢, (2) e, (1),

wherea , arenot yet known coefficients. Let us previously transform the Egs.(6) to thefollowing integro-
dlfferentlal form
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Substitution of the previously considered seriesin the Egs.(6a) leadsto the following form
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We determine coefficients a by using orthogonality condition on the scale of heterostructure. The
condition givesus possibility to obtain relationsto calculate a Lo for any quantity N of termsof considered
series. In the common case equati onsfor the required coefficients could be written as
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Figure 2a : Distributions of concentration of infused
dopant in heterostructure from Figures 1 and 2 in di-
rection, which is perpendicular to interface between
epitaxial layer substrate. Increasing of number of curve
corresponds to increasing of difference between values
of dopant diffusion coefficient in layers of
heterostructure under condition, when value of dopant
diffusion coefficient in epitaxial layer is larger, than
value of dopant diffusion coefficient in substrate
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Figure 2b : Distributions of concentration of implanted
dopant in heterostructure from Figures 1 and 2 in di-
rection, which is perpendicular to interface between
epitaxial layer substrate. Curves 1 and 3 corresponds to
annealing time ® = 0.0048(L *+L *+L ?/D,. Curves 2 and
4 corresponds to annealing time ©® =
0.0057(L *+L *+L ?)/D,. Curves 1 and 2 corresponds to
homogenous sample. Curves 3 and 4 corresponds to
heterostructure under condition, when value of dopant
diffusion coefficient in epitaxial layer is larger, than
value of dopant diffusion coefficient in substrate
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Figure 3a : Spatial distributions of concentration of Figure 3b : Spatial distributions of concentration of in-
implanted dopant in heterostructure from Figures 1. fused dopant in heterostructure from Figures 1. Curves
Curves 1-3 are distributions of dopant for different val- 1-3 arethereal distributions of dopant for different val-
ues of annealing time. Increasing of number of curve uesof annealingtime. Increasing of number of curve cor-
corresponds to increasing of annealing time responds to increasing of annealing time

DISCUSS ON

We use the calculated in the previous section rel ations for the analysis of redistribution of dopant with
account redistribution of radiation defects. Figures 2 and 3 showstypical distributions of concentrations of
dopants for diffusion and ion types of doping, respectively. The figures correspond to larger value of
dopant diffusion coefficient in the epitaxial layer comparison with dopant diffusion coefficient in the
substrate. Figures 2 and 3 shows, that presents of interface between layers of heterostructure gives us
possibility to increase absolute value of gradient of concentration of dopant out of doped area. In this
situation one can obtain increasing of compactness of transistor. At the sametime one can obtainincreasing
of homogeneity of concentration of dopant in doped area. Thefirst effect gives us possibility to increase
performance of manufactured device. The second effect gives us possibility to decreaselocal overheats of
the doped material s during functioning of these devices, which were manufactured based on the materials.

It isknown, that increasing of annealing timeleadsto too large diffusion of dopant into nearest materi-
alsfrom doped one (see Figures 4 and 5). Decreasing of annealing time leadsto decreasing of homogeneity
of concentration of dopant in doped area (see Figures 4 and 5). Let us determine compromise annealing
time framework recently introduced approach™®2¢, Framework the approach we approximate real distri-
bution of concentration of dopant by step-wise function y (x,y,2)**?4. Farther the required compromise
annealing time by minimization of thefollowing mean-squared error

1 Shy

=T jjj[c(x Y,2,0)-w(x,Yy,2) dzd yd x (8)

X~y ~—2 000

Analysisof optimal value of annealing time shows, that optimal value of annealing timefor diffusion
type of doping islarger, than optimal value of annealing timefor ion type of doping. Reason of the differ-
ence is necessity to anneal radiation defects. In the ideal case dopant achieves nearest interface between
layers of heterostructure during annealing of radiation defects. If the dopant did not achieves the interface
during theannealing, it isattracted an interest additional annealing of dopant for the considered achievement.

It should be noted, that using diffusion type of doping did not leadsto so serous damage of materials as
one can obtain during ion implantation. However ion implantation gives us possibility gives us possibility
to decrease mismatch-induced stressin heterostructurel?”.
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CONCLUSION

In this paper we introduce an approach to manufacture amulti-gate transistors and at the sametimeto
decrease their dimensions. In this paper we al so discussed (i) an approach to optimize annealing time, (ii)
an analytical approach to model nonlinear mass and heat transport with account variation parameters of the
transportsin space and time. The analytical approach gives us possibility to model massand heat transport
without crosslinking solutions at any interface between the layers of the heterostructure.
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