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ABSTRACT

In this paper we introduce an approach to manufacture field-effect
heterotransistors with several channel. The approach based on manufac-
turing of a heterostructure with required configuration, doping by diffu-
sion or ion implantation of required areas of the heterostructure and op-
timization of annealing of dopant and/or radiation defects. We consider
the optimization framework recently introduced approach. At the same
time we introduce an analytical approach for analysis of redistribution of
dopant and radiation defects. The approach gives us possibility to formu-
late recommendations for optimization of annealing of dopant and/or ra-
diation defects. © 2015 Trade Science Inc. - INDIA

INTRODUCTION

Intensive development of solid state electronic
devicesleadsto necessity to increaseintegration rate
of eementsof integrated circuits (p-n-junctions, their
systems et a)*7. Increasing of integration rate of
elements of integrated circuits leads to necessity to
decrease dimensions of the elements. To decrease
dimensionsof integrated circuitsit have been elabo-
rated and systematically using several approaches®
17]

Framework the paper we consider a
heterostructure, which consist of a substrate and
seven epitaxia layers (see Figure 1). After manu-
facturing the second, theforth and the sixth epitaxial
layers the layers have been doped by diffusion or

ionimplantation. Thelayerswill takearole of chan-
nels after finishing of manufacturing of the transis-
tor. It should be taken into account necessity of pre-
sents of contacts during the manufacturing. Two sec-
tions have been manufacturing by using another ma-
terialsframework the heterostructure (see Figure 1).
The sections will take a role of source and drain
after finishing of manufacturing of thetransistor. Af-
ter finishing of manufacturing and doping of the
heterostructure the considered dopants and/or gen-
erated radiation defects have been annealed. Main
aim of the present paper is analysis of dynamics of
dopant and radiation defects during annealing of
them.

Method of solution
To solve our aim we determine spatio-temporal
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Figure 1 : Heterostructure, which consist of a substrate, seven epitaxial layers and sections framework the layers

distributions of concentrations of dopants. We calculate the required distributions by solving the second
Fick’slaw in the following form(*-317

oC(x,y,zt) & { J C(x,y, z,t)}
= D +
ot X o X

L0 {Dca C(x,y,z,t)}L o {Dca C(x,y,z,t)}

(1)

ay ay oz oz
with boundary andinitial conditions
oC(x,y,zt) 0 0C(x,y,zt) 0 0C(x,y,zt) 0 0C(x,y,z,t) 0
8X x=0 ' a X ‘X:Lx ' a y ‘y:O , a y x=L, ,
oC(x,y,zt) aC(x,y,zt)
02 % =07 %2 " 0, cixyz0)=f xya). 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
rel ationl2224

C’(Xx,y,zt V(X,Y,zt Vi(x,y,zt
Dc:DL(X'y’Z’T){l'FgW:H}H' 1 (V* )+G2 ((V*)z ) : (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
€[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 has been described in detail sin?2. It should be noted, that using diffusion type of doping did not
generation radiation defects. In this situation £, = £,= 0. We determine spatio-temporal distributions of
concentrations of radiation defects by solving the following system of equationg?24
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+ E{DI (%Y, zT)M} —ky (6 y,2T)H (% y, 2tV (X y,2t) -

0z 0z
—k (%Y, 2T)I%(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 ()(; z Z’t)} —k (XY, 2T)I(x,y, 2zt V(X y,zt)-

—k,y (X ¥, ZTIV3(x,y,2,t)
with boundary and initial conditions

dp(xy,zt)
O0X

-0 -0
x=0 ’ a X ‘X:LX , a y ‘y:O , a y ‘y:L

0 p(xy,zt) o p(xy,z1) 0 ap(xy.zt) ~0

0 p(xy,zt) o o p(xy,z1) o
0z : 0z

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?(x,y,z,t) and 1%(x,y,z,t) corre-
spond to generation divacancies and 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) arethe 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 equationsg® 4

oD, (x,y, z,t):i{D@I (xy. z,T)a(D'(X’ Y, z,t)}rﬁi{D@ (xy. z,T)acD'(X’ Y, z,t)}+
y

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

‘ z=0 z=L,

ot OX OX oy

)ﬁq)l (x,y,21t)

oz

0
+—| D (XVY,2T
ﬁz{ o (X, Y

}+ K, (% Y, 2T (x Y, 2t) -k (¥, 2T)I (x V. 21) ()

ﬁ(l)v(g,ty, ZJ)Z?{D@,(X, v Z’T)ﬁq)v(x, Y, Z’t)}i{D@V(x, Vv z,T)acDV(X’ Y, z,t)}r
X OX oy oy
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+ Q{Dw (x,y, z,T)aCDV (x.y, Z’t)} +K, o (%Y, ZTIV (X, y,2t) -k, (%, ¥, Z TV (X, ¥, 2, t)

0z 0z
with boundary andinitial conditions
0D, (X,y,21t) 0 0D, (x,y,2t) o oD, (x,Y,zt) o
ox |, dX \X:LX : oy ‘y:O !
00, (% y,2t) 0 0D, (xY,zt) o oD, (xY,z1t) o
ay FLY , a 74 z=0 , a z z=L, ’
@, (x,y,2,0)=f4, (X.y,2), @, (X,,2,0)=f 4, (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.

To determine spatio-temporal distribution of concentration of dopant we transform the Eq.(1) to the
following integro-differential form

Z X
|_X|_|_Lj

y

—_<

fC(u,v,w,t) dwdvdu:y—f ﬁ
L L,L

Xy =z y—z y-z

O

2
{1+g V(X’VLW’T)+g V2(x,v,w,7) y

—

x DL(X,V,W,T)|:1+§ Cy(X’V’W’T)}a C(x,v,w,7) XZ

t xz
dr+—217(D (uy,wT
P”(x,v,w, T) O X UL (I)ILI LU, y,w,T) x

ﬁc(u,v,z,r)dT
0z L L L

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) e (1)

where € .(t) = exp[— 7°n°Dy .t (L;2 + L)+ L7 )] c,(x) = cos (m n /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

X

XYy z
LJLILI f (u,v,w)dwdvdu.(la)
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wheres (y) =sin(mny/ LX). We determine coefficients a by using orthogonality condition of termsof 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
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3 e 0= ST Tooenie Faca o ol el
7o ™M 27° 0000 =

S HHQV(X'VX’ZﬂthVZ((XV'Y)’ff) $3e 5 (26) (1) ,(2) e o)

{ys ) a1 z8(@ Ll @1 dzayaxas {1110 ryaT):

hn

0,021 Eac60 601602 8l 5y e 2

flano Sclence and Nano Technology

A Pudian Journal




148 On optimization of manufacturing of field-effect heterotransistors NSNTAIJ, 9(4) 2015

Full Paper ===
.\ V3(x,Y,271) .\ V (X, Y, z,r)+ V3(x,Y,271) y L 1]l B
¥ (V*)Z }{1 S1 V' ¥ (\/*)2 }Z{ Sn( ) ﬁn[ ( ) 1]} n

<26 (s,(2y) ¢, (2) 6 (){zsn< )ﬁ[cn(z)—ll}dzdydxdf-Zi?

V4

X

1T Bacamama@ede] oS llee trz,
e Y082 b ) B 0, (1) ) x5 09+ 0 001

{ys 02 fo )1 eele)azayoxas £ xs 00 Lele 091

n

Hyse e m-af | zs@ o)1 f(cy.aazayax

Tn 0 n

Asan examplefor y =0 weobtain

1ys 00 21 {25 @ e @1 20 zayxs 9

n

-1 o i Ta e o)y 22 la ) fouxa)

{zsx )+ 1o (z)-ﬂ}{mlv(x’v% Z’T>+gzvz<(xv'¥)’f’f>}{1+ o Z,TJ .

L

06,00-1) s (29)fe o)

szl @it Yined, Ve,

y

Je,(y) {s.(y) »

x ¢ (z)dzd yd xe.(r)d r+igc(r)1xcn(x){xsn(x)+

—_
X
<
N
_|
N—"
o
N
o
<
o
X
o
!
_|_
—_—
D
O
—_
N
N
o '—cxl_
(@]
=)
—_
N
—
X
=
—_
N—"
(@]
—
X
N
I
Ll
H_/




NSNTAIJ, 9(4) 2015 E.L.Pankratovand E.A.Bulaeva 149

—=  Fyl] Peper

X Y+—[C( )- 1]}123”(22) D (%Y, z,T){1+ S Hugzvz(x’ Y, Z,T)+

P"(x,y,zT) (\/)2

V(X Y,z L2212 B
+gl(v—y*f)}dzdydxdr} %enc(t)j .

°n
For y = 1 one can obtain the following relation to determine required parameters
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xC,(z)D (x, Y, Z,T){an(Z)-i- 7|;Zn [cn(z)—l]}d zdydxdrz+ 2er1|7_zy2 ienc(r)zx{ xs, (X)+
oo |y o) - e Y12 A

x 5,(22)D (x,y,2T) d zc (y)d yc,(x)d xd 7 — LiL% L2e . (t)/z°n°.

z
Analogous way could be used to calculate values of parameters a_for larger 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
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Farther we determine solutions of the above equations as the following series

polxy.2.t)= 2, 6,9 ¢,(y) c,(2) &, (1),

where g, arenot yet known coefficients. Substitution of the series into Egs.(4a) leads to the following
results
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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
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We determine spatio-temporal distributions of concentrations of complexes of radiation defectsinthe
followingform
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wherea Lo, AENOL Yet known coefficients. Let us previously transform the Egs.(6) to thefoll owing integro-
differential 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 gives us possibility to obtain relationsto calculate W for any quantity N of termsof considered
series. In the common case equations for the required coefficients could be written as
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DISCUSSION

In this section we used rel ations cal culated in the previous section to analyze spatio -tempord distributions
of concentrations of dopant and radiation defects. Typical spatial distributions of concentrations of infused
and implanted dopants in doped and nearest layers are presented on Figures 2 and 3, respectively for
different valuesof difference between vaues of dopant diffusion coefficientsin thelayers. Thedistributions
have been calculated for the case, when value of dopant diffusion coefficient in doped layer islarger, than
value of dopant diffusion coefficient in undoped layer. Typical spatia distributions of concentrations of

1.5 9

1.0

C(x.0)

0.5 1

Epitaxial laver Substrate

0.0

|

I

II

L2

X

Figure 2 : Distributions of concentration of infused
dopant in heterostructure from Figure 1 in direction,
which is perpendicular to interface between epitaxial
layer substrate. Increasing of number of curve corre-
sponds to increasing of difference between values of
dopant diffusion coefficient in layers of heterostructure
under condition, when value of dopant diffusion coeffi-
cient in epitaxial layer is larger, than value of dopant
diffusion coefficient in substrate

T T
0 Li4

2.0+

C(x,0)

Substrate

Figure 3 : Distributions of concentration of implanted
dopant in heterostructure from Figure 1 in direction,
which is perpendicular to interface between epitaxial
layer substrate. Curves 1 and 3 corresponds to anneal-
ing time ® = 0.0048(L 2+Ly2+L ?)ID,,. Curves 2 and 4 cor-
responds to annealing time ® = 0. 0057(L 2+l 2+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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radiation defectsare similar with spatial distributions of concentrations of dopant in Figure 3. The Figures
2 and 3 areillustrated possibility to manufacture more thin field-effect heterotransistors. At the sametime
homogeneity of distribution of concentration of dopant increases. In this case it is possible to decrease
local overheat of doped materials during behavior of e ectric current. The decreasing gives us possibility

2
L
6) 3
rj i
—
0 L,
Figure 4 : Spatial distributions of dopant in

heter ostructure after dopant infusion. Curve 1 is ideal-
ized distribution of dopant. Curves 2-4 are real distri-
butions of dopant for different values of annealing time.
Increasing of number of curve corresponds to increas
ing of annealing time
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0.0 0.1 0.2 0.3 0.4 0.5
wlyE 6y
Figure 6 : Dependences of dimensionless optimal anneal-
ing time for doping by diffusion, which have been ob-
tained by minimization of mean-squared error, on sev-
eral parameters. Curve 1 is the dependence of dimen-
sionless optimal annealing time on the relation a/L and
& =y = 0for equal to each other values of dopant diffu-
sion coefficient in all parts of heterostructure. Curve 2
is the dependence of dimensionless optimal annealing
time on value of parameter € for a/lL=1/2 and & =y = 0.
Curve 3 is the dependence of dimensionless optimal an-
nealing time on value of parameter & for a/L=1/2 and ¢
=y = 0. Curve 4 is the dependence of dimensionless op-
timal annealing time on value of parameter y for a/L=1/
2ande=§=0
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Figure 5 : Spatial distributions of dopant in

heterostructure after ion implantation. Curve 1 is ide-
alized distribution of dopant. Curves 2-4 are real distri-
butions of dopant for different values of annealing time.
Increasing of number of curve corresponds to increas
ing of annealing time
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Figure 7 : Dependences of dimensionless optimal anneal-
ing time for doping by ion implantation, which have been
obtained by minimization of mean-squared error, on sev-
eral parameters. Curve 1 is the dependence of dimen-
sionless optimal annealing time on the relation a/L and
& =y =0for equal to each other values of dopant diffu-
sion coefficient in all parts of heterostructure. Curve 2
is the dependence of dimensionless optimal annealing
time on value of parameter € for a/lL=1/2 and & =y = 0.
Curve 3 is the dependence of dimensionless optimal an-
nealing time on value of parameter & for a/L=1/2 and ¢
=g = 0. Curve 4 is the dependence of dimensionless op-
timal annealing time on value of parameter y for a/L=1/
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to increase density of electric current (if necessary) for fixed value tolerance for local overheats or to
decrease dimensions of the considered transistor. It should be noted, that radiation damage of doped
materialsleadsto additional increasing of homogeneity of distribution of concentration of dopant!®.

It should bealso noted, that framework the approach it is necessary to optimize of annealing. Reason of
the optimization isfollowing. If annealing timeis small dopant have not enough time to achieve nearest
interface between layers of heterostructure. In thissituation one have not possibility to obtain any changes
of distribution of concentration of dopant in comparison with the distribution in homogenous sample. If
annealing timeislarge, distribution of concentration of dopant becametoo large. We determine compromise
annealing time framework recently introduced criterion'?%, Framework the criterion we approximate
real distribution of concentration of dopant by step-wise function y (x,y,z) (see Figures 4 and 5). Farther
we determinerequired optimal value of annealing time by minimization of mean-squared error

1 LxLyLz
U= C(xy,20)-y(xy,2)dzdyd
LXLyLZM{)[ (x¥,20)-y(xy,z)]dzd ydx -

Dependences of optimal annealing times are presented on Figures 6 and 7 for diffusion and ion types of
doping, respectively. The figures show, that values of optimal annealing time for ion type of doping is
smaller, than for diffusion one. Reason of thisdifferenceisnecessity to anneal radiation defects. If dopant
did not achievestheinterface during the annealing, additional annealing of dopant attracted aninterest. The
Figure 7 shows dependences of the additional annealing time.

It should be noted, that using diffusion type of doping did not leadsto so serous damage of materialsas
one can obtain during ion implantation. However ion implantation gives us possibility givesus possibility
to decrease mismatch-induced stressin heterostructure®,

CONCLUSION

In this paper we introduce an approach to manufacture field-effect heterotransistors with severd
channels. The approach based on manufacturing of a heterostructure with required configuration, doping
by diffusion or ion implantation of required parts of the heterostructure and optimization of annealing of
dopant and/or radiation defects. At the sametime we consider an anaytical approach to model technological
processes. Framework the approach givesapossibility to manage without stitching decisionson theinterfaces
between layers heterostructures.
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