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Abstract: We consider a nonlinear model for analysis of current-voltage characteristic of a p-n-junction, which
was manufactured in the framework of a heterostructure with specific configuration by diffusion or ion
implantation. We analyzed the model to obtain dependence of the considered current-voltage characteristic on
missmatch-induced stresses in the framework of the heterostructure. We also consider an analytical approach for
analysis of mass and heat transport during the considered processes with account their nonlinearity and missmatch
induced stresses as well changes of parameters of these in space and time.
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1. Introduction

Manufacturing of new microelectronic devices and improvement of existing ones are the basis for
manufacturing of new integrated circuits [1-5]. Both during manufacturing of new types of microelectronic devices
and for improvement of existing ones, it is necessary to analyze the processes that occur both during the
manufacturing of devices and during their operation [1-5]. In this paper we consider a two-layer structure, which
consist of a substrate and an epitaxial layer (see Figs. 1 and 2). A dopant has been infused or implanted in the
epitaxial layer. The infusion and implantation generate necessary type of conductivity (p or n) in the epitaxial
layer. Under special conditions for annealing, sharpness of the p-n-junction increases. The increasing leads to
changes of charge carriers transport [6-9]. The transport of charge carriers could be also changes under influence
of missmatch induced stress in heterostructures. The main aim of this work is analysis of influence of missmatch
induced stress on the charge carriers transport. The accompanying aim of this paper is the choosing of a
mathematical apparatus for the analysis of the considered transport.
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Fig. 1. Initial distributions of dopant and types of conductivity in heterostructure with two layers. Curves 1 and 2
are the typical distributions of concentration of dopand (for diffusion and ion types of doping)
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Fig. 2. View from top on area of p-n-junction, manufactured in considered epitaxial layer

The qualitative structure of the p-n-junction is shown in Fig. 3. In this figure and further in the text, the following
notations were introduced: ¢ is the contact potential difference; U (t) is the applied voltage; L, and - L, are the
boundaries of the p-n- junction region.
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Fig. 3. Qualitative structure of the p-n- junction.
2. Method of solution

We describe spatio-temporal distributions of charge carriers in p-n-junction area as a solution of following
system of equations [1,10,11]
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where p (x,y,z,t) (0o = n, p) are the spatio-temporal (x, y and z are the coordinate, t is the time) distributions of
concentrations of electrons (for p = n) and holes (for p = p); po is the equilibrium distributions of charge carriers;
D, and Dys are the coefficients of volumetric and surficial diffusions (due to miss-match induced stress); 1, is the

charge carriers mobility; fOLZp(x,y,Z, t)dz is the surficial concentration of charge carriers on the interface
between layers of the considered heterostructure (we assume, that axis Oz is perpendicular to interface between
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layers of the considered heterostructure); zm(x,y,z,t) is the chemical potential due to miss-match induced stress; ¢
(x,y,z,t) is the distribution of electrical potential in area of space charge; gn(x,y,z,t) is the potential barrier of the
heterojunction; G is the speed of generation of electron-hole pares; ky,y is the parameter of recombination. Boundary
and initial conditions for the Eqgs. (1) could be written as

N (Lny.z,t) = m(zt), n (-Lpy.zt) = np(x,y,z,t), p (Ln.(y.z,t) t:) Pa(x,y.Z,t), P (-Lp.y.z,t) = pp(X,y.z,t), n (X,Laz,t) =
nn(X,y,z,t),
N (X,-Lp,2,t) = np(X,y,z,t), p (X,Ln,2,t) = pn(X,y,2,t), p (X,-Lp,z,t) = pp(X,Y,Z,1), N (X,¥,Ln,t) = Na(X,Y,Ln,t), N (X,y,-Lp,t) =
Np(X,Y,-Lp,b),
p (x.y.Lnt) = pa(x,y.Lnt), p (XY,-Lp,t) = pp(Xy,-Lpt), 0 (%y,2,0) = no(x,y,2), p (X.y,2,0) = po(x.y.2). 2

We calculate distribution of potential in space charge area by solution of Poisson equation in the following form

2 2 2
g (x,z/,z,t)+a o (x, z/,z,t)+6 @ (x,gl,z,t):e N, (%, y,z,t)= Ny (x, y,z,t)’ )
0X oy 0z £ &

where Na (x,y,z,t) and Nqg (X,y,z,t) are the spatio-temporal distributions of acceptor and donor impurity; e is the
elementary charge; ¢is the dielectric constant of materials; & ~ 8,85-10"*2 F/m is the dielectric constant. Boundary
and initial conditions for the Poisson equation takes the form

@ (Lny.zt) = actU(D), ¢ (Lpy.z,t) =U(D), ¢ (X Lnz) = 0, 9 (x-Lp2,t) = 0, @ (xY,Lnt) = 0, ¢ (X.Y,-Lp,t) = ¢, (4)

where U (t) is the applied difference of potentials. Further we will consider case of single ionization, when
Na(x,y,z,t) = p (x,y,z,t) and Ng (x,y,z,t) = n (x,y,z,t). Then

% (x,y,2,t) 220 (x,y,z,t) %0 (xy,z,t Y, Z,t)-n(x,y, z,t
oleyzt) Foluyat) Foleyny) o plunzd-nernd -
y 0z £&

Solution of the Eq. (5) is the following function
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Chemical potential 4 in Egs. (1) could be determine by using the following relation [15]
u=E@)Qay [uij(x.y.z,t)+uji(x,y,z,1)]/2, ()

. . . D ooug\ . .
where E is the tensile modulus (Young); ojj is the stress tensor; u;; = %(% + a_ij) is the deformation tensor; u;,
j i

u;j are the components ux(x,y,z,t), uy(x,y,z,t) and u,(x,y,z,t) displacement vector U(x, Y, z,t) ; Xi, X; are the coordinates
X, Y, z. Relation (7) could be transformed to the following form

( )9 ou(xy.z.t) au;(x, ynzlt)Hl{aui(x, y.zt), au;(x, y,Z,t)}{auk(x, y,z,t)_ggo} .

X, ¥,2,t)=Elz
.20 2|7 ax % 2| ax a% %,

X%—goé}j -K (Z)IB(Z) [T (X’ Y, Z’t)_TO] 5”} '

where ois the Poisson coefficient; sy=(as-ae)/agL is the lattice mismatch parameter; as, ag. are the lattice constants
of the substrate and the epitaxial layer; K is the compression module; gis the coefficient of thermal expansion; T,
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is the equilibrium temperature, which coincides with the room temperature. Components of displacement vector
could be calculated by solution of the following system of equations [11]

» (Z\az u (%, y,2,t) _ 9oy, (x, y,z,t)+ 00, (XY, Z't)+ 90 ,(%y,2,t)

ot? X oy 0z
(Z)az uy(x,zy, 7,t) _ 00, (%Y, Z’t)+ do,,(xy, Z’t)+ 9o, (xy.z2,t)
ot O X oy oz
2 0 Y, Z,t
P (Z)a UZ(X,Zy,Z,t): aO-zx(xl y,Z,t)+ O-zy(x Y,z )+60ZZ(X,y,Z,t)
ot oX oy oz

where

D@l ox ox, 3 ox, i ox,

x B(2) K(2),

p (2) is the density of materials of heterostructures; &; is the Kronecker symbol. Accounting of the above relation
transforms the previous system of equations to the following form

plp) el y.2t) { (2)+ 1+f))} (Xyzt>+{K(z)_3[lE(z) }62uy(x,y,z.t)+ E()

E2) F“i(x’ yi2t) (.28 8 dulx.y, Z't)} K (2)o, 2028 iy 50T ]

ot ax? +o(z)]] oxay 2[t+o(z)]
o°u, (x, ,Zt %y, 2, z o°u,(x,y,z, oT (x,y,z,
X{ 6yZ y t} 3[1+0')( )]} a(xayz U-k @t (ai’ d
u,(xy.zt)  E(z u (x, ,z,t) XY, 2, aT(x,y,2, 2u, (x, ,Z,t)
p2) atzy 2[1+(a)( )]{ ox? a(xayy t)} K2)pl2) (a;/ = ayy

e R R e e e et |

o%u,(x,y,z,t)

K(z)————= 8
+KE—775, ®)
p(z)azuz(x,zy,z,t): E(z) |&%,(x g/,z,t)+62uz(x, g,z,t)+62ux(x, y,z,t)+62uy(x, Y, z,t) .
ot 2+0(2)| ox dy ox01 oy 0z

N o%u, (x, y’z’t)}ri{K(z){a“x(X' y,z,t)+ au, (x, VIZ,I)JF au,(x, y,z,t)}}_ K(z)ﬂ(z)aT(X’ y,z,t)+

oyoz oX oy oz 0z

L1 a{ E(2) [Gauz(x,y,z,t)_aux(xyy,z,t)_a“y(x’y'z’t)_auz(x’y'z't)ﬂ.

0z oX oy 0z

System of conditions for these equations could be presented in the following form

da(xy,zt) =0_6LT(x,y,z,t) _g. 20(xyzt) :0_6U(x,y,z,t) Y
dX o dX L ’ ay o ay . ;
da(xy,zt) _o:
0z 0
du(x,y,21)

=0; G(x,y,2,0)=0,; G(x,y,z,0)=0,.

z=L,

0z

Farther we calculate components of displacement vector by solutions of equations of system (8). To calculate
the first-order approximations of required components framework method of averaging of functional corrections
we substitute their not yet known average values «; into the right sides of Eqgs. (8). The substitution leads to the
following result
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p(z)az U (X, y,2,t) « (z)ﬁ(z)aT (x,y,2,t) |

ot? X
p(z)a uly;:,zy, ) p)°T (>(<3, ;/ 2t)
p(z)az uug,zy, 7,t) _ K (z)ﬂ(z)aT (); i/ z,t) .

Integration of these equations on time t gives a possibility to obtain the first-order approximations of required
components in the following form

Uy, (x,y,2,t) K(z)%a—ax:j)zT(x, y,z,7)dzd 9—K(z)%%IiT(x, y,z,7)dzd 9+Up,,
uy, (%, y,2,t)= K(z)%a—ayiiT(x, y,z,7)dzd S_K(Z)%%IET(X' y,z,7)dzd +uy,,
u, (% y,z,t)= K(z)%%iiﬂx, y,z,7)dzd 9—K(z)%%IET(x, y,z,7)dzd 9+, .

Approximations with the second and higher orders of components of displacement vector could be calculated
by using standard replacement of required functions in right sides of Egs. (8) on the following sum ait+ui(X,y,z,t)
[12]. The replacement leads to the following result

p(Z)M:{K(Z)+ 5E (2) }82u1x(x,y.z,t)+{K(z)_ E(2) }@‘Zuly(x.y,z,t)+ E(z)

ot 6[1+c(z)] dx* 3L+o(z)]] oxay 20+0(2)|

X

x |:62U1y(’(;;/2y, 2Y) + azu“éxz'g' Z’t):l +{K (z)+ 3[15(;)(2)]} azulé(:éyz' 2t _ K (z)ﬂ(z)—aT (); 3(/ z.)

VU yizt)  E(2) | Quy,(nyizt) Pty (xy.zt)| aT(x,y,2,t) 0%y, (x,y,2,t)
@) y6t2 - 2i+o(2)] yax2 i oxoy K(2)pla) oy +K@) gx@y i

L0 {2[15(2) {6uly(x,y.z,t)+auu(x,y,z,t)}82u1y(xly,z,t) {1255(2)2)]+K(Z)}+{K(z) ﬂ}

oz |2[i+0(z)] 01 oy oy’ L+ “6[l+o(2)]

o%uy, (x,y,z,t)
X—
oyoz

VU, (6 y,2,t)  E(2) | %u,(xy.zt)  d%u,(xy.z,t)  &%uy,(xy,z,t) o%uy, (x, y,2,t)
p(2) . : + 2 + + +
ot 2h+0(z)| ox dy X017 dyoz

+%{K (Z)[au“(;’xy’ zt) + 6u1y((;(,yy, 2t) + au“(;’zy’ Z’t)}} -K (Z)ﬂ(z)—aT (); Z 1) +

_’_li E(Z) 6 aulz(xi Y, Z’t)_ aulx(x’ Y, Z’t) _ auly(x’ Ys Z’t)_ aulz(x! Y, Z’t)
69z |1+0(z) oz DX dy oz '

Integration of right and left sides of obtained relations on time t leads to the following result

Uy, (X, Y, 2,t)= pl(z){K (z)+ 5E(2) }66:2 :J)Iulx(x, y,z,7)d zd 3+${K(z)—ﬁ} x

6[1+0(z)] +o(
0% t9 E(Z) 0% ts o2 to
xax—aygguly(x,y,z,r)drd,9+p(z)[1+o_(z)]{ay2gguly(x,y,z,r)drd3+ﬁ££uu(x,y,z,r)drd9}+
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1

+m{ K(z)+ 3 [15(;)(2)]} 8322 iiuh(x, y,z,r)drd 9-K(z )%%EET (x,y,z,7)dzd 3—{ K (z)+—6 [ifc(:()z)]} x
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X5y 1] jjuly(x y,z,7)d zd l9+azz ?juh(x, y,z,7)d zd 9}—{ K(z)+3 [1Ii(;)( )]}afzazziu“(x y,2,7)d7rd 9 x
\A(2) 2

xp%Z)JrK(z, (z)axMT(x y,z,7)dzd 9+up,

l—|

Uy, (% y,2,t)= 2p(z)E[£Z+)o-(z)]{8a:2 ii”“(x’ y.z,7)dzd 9+ izuu(x y.z,r)dzd 3} ,(K)((ZZ; x
1 9

wUXZTT+ u,\Xx,y,z,r)ar (Z) Z+1i Z)X
M y(xy,z,7)dzd 9 S@Way 2H WX y.2,7)d dg{ Al K()} {1

+o

“ox 12[1+
{ :{E x,y,z,7)dzd 19+aayiiulz(x, y,z,7)d rd 19}}—K( )#(})ET (x,y,z,7)d zd 8+ﬁz){K<Z)_
E(2)

i1 XY,z,7)d7 +L z)- E(z) & tSu X Y,z,7)dt —¢x
"o <>]}££”’y’ w)drds p<z>{K” 6L+ oz >]}ayaz£f wleyzeded 9=

IIUlX(XyZT)de3:| ()ﬂZT(x,y,z,r)drdS—K(z)x

2) o)
£ } 1 g{ E)

21+0(z)]] 2p(z)0z|1+0(2)

03 03
< {ijjuly(x, y.2,7)drd 9+ Tfu,(xy.z,7)d 7 d SHNW 1
0Zoo oy

20 p%l)ﬁyaz
X{K(z)_&}

2

9% =0 9
,2,7)d7d 8
{ H (xy,z,7)dz AT

2

o—

Huly(x y,z,7)drd $- tZ) aajz !,{u“(x Y,z r)drdg{ (2)+

(2}

6X6y 00

2

(o)

uy, (X y,z,7)drd 9 x

o—38
o—%

6[1+0'(Z)]

u, (x, y,z,t):z[l%;)(z)]{ 622 Iiuu(x y,z,7)dzd 3+66;2 Iiuh(x, y,z,7)dzd '9+afzazog]:ulx(x’ y.z,7)dzd 9+
0? 1 1 0 0
+6y jjuly(x Y.z, r)drdg}p(z) _E{K( ){axig
[

U, (x,y,z,7)dzd 3+ 66 Hulx(x y,z,7)drd 9+

plz)
1 0| E(2) |, 0=
+a—£(j)ulx(x y,z,7)dzd SH 6,0(2)5{“6(2){65{0

—%quw(x, y,z,7)dzd 3—%Izuh(x, y,z,7)dzd 9}}— K (z )Mai

u,(x,y,z,7)dzd S—iﬁulx(x, y,z,7)dzd 9
0X o0

o'—-8

4
(jJT(x,y,z,r)drd G+, -

Spatio-temporal distributions of concentrations of charge carriers have been calculated by using of method of
averaging of functional corrections [12-14]. To use the approach we replace required functions n (x,y,z,t) and p
(x,y,z,t) in right sides of Egs. (1) on their not yet known average values a1, and aap. After the replacement we

obtain equations for calculation the first-order approximations of required concentrations of charge carriers in the
following form

onyzt) o 0 dekyztireyztl o[ deky.zt)rexyz ]l
ot nox |t x oy | dy

_aln%{#né’[co(x, y.z,t;+z¢h (x, y,z,t)]} ol { o [fT oy t)} ay“()T Ll y,z,t)}}—
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- I(np (alnalp - nO pO) (9)
onbiya) g, o {ﬂp Ololy. 2.0+ 0, y,z,tn}_%ﬁ {ﬂp olocy.2.0)+ 0, y,z,t)]}_
ot O X O X oy oy
o Alo(xy, z,t X, Y,z,t o |D o|D
R 1pm{ {k:’vsmyzt>}—y{k;pvsﬂh(xyzt)}}

- knp (alnalp - nO pO)

Integration of both sides of Egs. (9) on time t gives a possibility to obtain the first-order approximations of
required concentrations in the final form

woz)=Joara, L, Aolsarabndly 0, dobynsdrabnly,

o x "oy oy
ot dlexy,z, X,Y,2, 0 t Dg, 0 tDg,
o | [ 44, [o(x,y T;Jrzwh( y T)]d +a1nQL{ kal' Vs,uh(x,y,z,r)dr+ﬂ£ﬁvsyh(x,y,z,1)dr}_
t
- knpb[(alnalp —Ny po) dzr (10)
Ctodea 24 oty ey, 2t dlpbyadiebuyacl,
pl(X,y,Z,t)—ngr alpﬂxi['up X dr a”’aygﬂ" 2y dr
v 7 Y, Z, Y. Z, otD
oy 2o Sbre by g o1 21Dy a s IRV |-

t

- knpg(alnalp —Ng pO) dr

Not yet known average values a1, and aap could be determined by standard relations [12-14]

th Lx LY Lz ty Ly I‘\/ Lz
a, =11 [ In(xyzt)dzdydxdt, alp_j [ | [p(xy,zt)dzdydxdt, (11)
0-Ly L, L, 0-Ly L, L,

where t, is the observation time on charge carriers.

The second-order approximations of the required concentrations will be calculated framework standard
replacement of functions n (x,y,z,t) and p (x,y,zt) in right sides of Egs. (1) on the following sums [12-14]: n
xy,z,0)>antni(xy,zt) u p (x,y,2,t)—>a1ptpa(x,y,z,t). Analogous procedure could be used for calculation of
approximations of approximations with higher orders. After the above replacement we obtain equations for
calculation of the considered the second-order approximations

ﬁnz(x,y,z,t):G+£ b on,(x,y,2,t) L 21p on(x,y,2,t) A S on(xy.zt)]
ot ox| " O X oyl " oy oz| " oz

_%{ﬂn[a’zn +n(xy,z t)ﬁ[(”(x y.Z, gﬂ;(ﬂh (x.y.2, t)]} jy {,Un[OlZn +ny(x,y, 2, t)]a[(ﬂ(x L t;;(ph (y.2 t)]}

—%{un[am +n,(x,y, 2, t)V?[‘”(X Y., t;*;"h (xy.2, t)]}—knp{[am +n,(x, y,z,t)][oc2p +p,(% Y, 2 t)]- oy |+

0 | Dg o [Dy
0.2 {2 oo oy, 0w o 0 2P0 s, ) ey aw |

(12)

ﬁpz(x,y,z,t):GJri b o p(xy,2,t) 215 2 p(xy,2,t) L 21p apxy.zt)]
ot ox| * O X oy| " oy oz| ° oz
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_7
O X

{ﬂp[‘hp + pl(X, Y, Z,t)]ﬁ[(p()(, Y, ZYI;-:(% (Xl Y. Z,t)]} _é’iy ]5[§D(X, Y, Z't)+ h (X' Y, Z’t)]}_

{fup[aZp_'— pl(xl y,Z,t) Of,y

0 Slolxy 2t o
——{,up[azp +p,(x, y,z,t)] [o(x,y,2 ;JFZ(/’h (x,y,2,t)]

= }— knp{[oz2n +n,(x,y, z,'[)][oz2p +p(xy, z,t)]— Ny Py }+

a0l hVy(xyzt)Lf[oz + py(x th)]dW 0l th(xyzt)Lf[a +py(x th)]dW
ox | kT | sH\ Y a2 1\ X Y, W ayk.l.sh’vloz;a X Y, WY,

Not yet known average values a2, and ap could be calculated by using following standard relations [12-14]

ty Ly LY L,

ay =11 | [[n(xy,2,t)-n(xy,z,t) dzd yd xdt,
0-Ly Ly L,
ty Lx LY L,

@, =(j) { { {[pz(x,y,z,t)— p,(x,y,2,t)]dzd yd xdt, (13)
“hx TRy TRz

where t, is the observation time on charge carriers.

In this paper we calculate required concentrations of charge carriers and components of displacement vector by
using the second-order approximations framework method of averaging of functional corrections. The
approximation is usually enough good approximation to obtain qualitative conclusions and obtain some
quantitative results. All analytical results were checked by comparison with results of numerical simulations.

3. Discussion

In this section we will analyze solution of system of Eqgs. (1a) and compare it with experimental data. Most
often in experimental works one can find voltage-current characteristics. Current density (let us consider current
direction as parallel to axis X) in any point of the considered structure could be determined by the following relation
[15]
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Accounting of relation (5) in the relation (14) leads to the following result
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Figs. 4 show experimental voltage-current characteristics of p-n-junction in comparison with calculated in this
paper one and with ideal one [15]. One can find from this figures, that voltage-current characteristics, calculated
in this paper, has higher exactness in comparison with recently calculated one. It should be noted, that accounting
of missmatch induced stress in heterostructure leads to forthcoming of voltage-current characteristics to the
ordinate axis.
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Fig. 4a. Direct branch of voltage-current characteristics of p-n-junction. Squares are the experimental data from
[16]; circles are the calculated (in this paper) results with account missmatch induced stress; rhombus are the
calculated (in this paper) results without accounting missmatch induced stress; triangles are the calculated in [15]
results framework model of ideal voltage-current characteristic
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Fig. 4b. Inverse branch of voltage-current characteristics of p-n-junction. Squares are the experimental data from
[16]; circles are the calculated (in this paper) results with account missmatch induced stress; rhombus are the
calculated (in this paper) results without accounting missmatch induced stress; triangles are the calculated in [15]
results framework model of ideal voltage-current characteristic

4. Conclusion

We consider a nonlinear model for analysis of current-voltage characteristic of a p-n-junction, which was
manufactured in the framework of a heterostructure with specific configuration by diffusion or ion implantation.
Based on result of analysis of the above model we compare voltage-current characteristics of p-n-junction, which
were calculated by using the considered model, voltage-current characteristics of p-n-junction, which were
calculated by using classical model of ideal p-n-junction and analogous experimental results.
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