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A Study on the Analysis of a Vertical V-groove Junction
Field Effect Transistor with Finite Element Method

(Yung-Kwon Sung-Man-Young Sung-Il-Soo Kim:Chan-Won Park)

Abstract

A technique has been proposed for fabricating a submicron channel vertical V-groove JFET
using standard photolithography.

A finite element mumerical simulation of the vertical V-groove JFET operation was performed
using a FORTRAN program run on a Cyber-174 computer. The numerical simulation predicts
pentode like common source output characteristics for the p*n Vertical V-groove JFET with
maximum transconductance representing approximately 6 precent of the zero bias drain conductance
value and markedly high drain conductance at large drain voltages. An increase in the acceptor
concentration of the V-groove JFET gate was observed to cause a significant increase in the
transconductance of the device. Therefore, as above mentioned, this paper is study on the analysis
of a Vertical V-groove Junction Field Effect Transistor with Finite Element Method.

. becomes applicable in several fields of engineering.
1. Introduction PP gireering

In electrical engineering, this method is also

The finite element method®¢ has been developed applied for analysis of an electromagnetic field in
in mechanical engineering and civil engineering, a waveguide, and so on. Recently, two-dimensional
as a numerical analysis technique for large scale analysis of semiconductor devices by this method
frames. This method is a kind of direct method has been reported.® In this method, a large
based on the variational principle. By partitioning scale matrix is formed in a grid like mesh, so an
the continuum, which has an infinite degree of  jterative method is used. It also has the little
freedom, into elements interconnected at a finite flexibility for parameter dependence and geometry
number of nodal points, this method has been irregularity.
applied to continuous materials as well as discrete On the other hand, in a {inite element method,
ones. In addition, when the variational principle the objectives can be partitioned arbitrarily. Then,
does not hold, namely, it does not give a functional local element refinement can be achieved, in
corresponding to a given partial differential rapid change regions. In slow change regions it
equation, it can be formulated by the method of can be divided into coarse elements. For this reason
weighted residuals'®, similar to the finite-element the total number of nodes reduced in this method,
method. In this way, the finite element method but the structure of obtained matrix becomes
*: Iégz Egi ii ggiig ggﬁI?ﬁ co'mp.licated and then the bandwidth of this matrix
wr EgR : BEA ARE BRIAN BLRE will increase. Thus to save on memory storage

ESHE 19814 78 15H requirements and to reduce computing time, a
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matrix reordering algorithm is introduced. It is
easy to treat an arbitrary geometry and to set up
parameters elements by element. The main advan-
tage of this method is that the current conservation
law is always satisfied if the solution converges,
without regard for a coarse approximation, not
only at terminals but also within closed regions.
Furthermore, total charge calculation is compar-
atively accurate at a coarse approximation. In
this paper, a new vertical V-groove JFET struct-
ure®™® is proposed which is expected to achieve
To better
the principles of operation of the

useful high frequency characteristics.
understand
proposed vertical V-groove JFET, a two-dimensional
numerical simulation of the JFET structure is
Therefore, the
methods and results of a two-dimensional finite

performed for various conditions.

element simulation of vertical V-groove JFET are
presented. And the simulation is used to determine
the output characteristics and transconductances as
well as the two dimensional distributions of voltage,
electron density and electric field for the vertical
V.groove JFET. The following sections give details
on finite element formulation of two dimensional
V-groove JFET structure and resulting calculation.

2. Proposed Vertical V-groove Junction
Field Effect Transistor'® ® (s ae

A vertical V-groove JFET structure is proposed
in this paper which expected to achieve wuseful
power gain in high frequencies. A cross-sectional

diagram of the proposed vertica V.groove JFET

SOURCE

GATE

N* SUBSTRATE

DRAIN
Fig. 1. Proposed vertical V-groove JFET structure
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is shown in Fig. 1. This device is expected to
have the following advantages over previously
proposed JFET structures.

DA be fabricated

utilizing standard photolithographic techniques wit-

submicron channel will

hout requiring excessively small mask dimensions.

2) Electron mobility in the channel will be high
due to the low doping levels used.

3) Parasitic source resistance will be greatly
reduced.

To better understand the principles of operation
of the proposed vertical V-groove JFET, a two
dimensional numerical simulation of the vertical
V.groove JFET structure was performed for
varijous bias conditions. The simulation program>®
utilized the finite element method for analyzing
time-dependent partial differential equations with

boundary and initial conditions.

3. Finite Element Representation of

Semiconductor Device Equations™®
[S:30ep]

The particular equations to be solved for the
vertical V.groove JFET structure and Poisson’s

equation,

PPV=-L-(1—p=Np+ N ¢
and the continuity equations for electrons and holes,
respectively,

on

=P (L) +G.—R, @

ard
i

2L P U/ +Gy—R, )
where

Ju/qg=—nV,+D,Pn 1€Y)

Jy/q=PV,—D,FP )]

% 3 electron concentration

# ; hole concentration

D,, D, ; electron-and hole diffusion coefficients,
respectively

V.. V, ; electron-and hole velocity vectors, respec-
tively

Equation (1)—(3) can be simplified by assuming
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that (i) minority carriers can be neglected everyw-
here in the device and (ii) generation (G», Gp)and
recombination (R,, Rs)can be neglected for ma-
jority carriers everywhere in the device. Under
these assumptions, Egs (1)—(3) can be written
separately on the x-side of the junction as

P*V="2(n—N) 6
22—yl @
and on the p-side of the junction as
p*V=—-L(p~NJ ®
g—f=—l7-(J,,/q) | ®

The finite element method will be described here
briefly as it relates to the solution of Egs{6)~(9).

Let U(®) be the solution vector of a set of two
dimensional partial differential
region D with appropriate boundary and
conditions; thus U must satisfy the equation

ALUI=0 am
where A is a nonlinear operator and ¥ equals (z, 3).
If U(y) is an approximation function to U, then
the residual of U is defined by

R=A(U)
Clearly if R=Q0,
Eg. (10). A approximate solution of Eg. (10) can
be found by assuming that R be orthogonal to
each of a weighting functions {W,;} /=1,2,3, -+

equations over

initial

an

then U is an exact solution of

N, over the region D,
[ WiRds=0, i=1,8, N 12

where N is equal to the number of adjustable
parameters in U. Next let a mesh be superimposed
over the region D dividing it into smaller regions
called elements. Associated parameter with each
element is a number of nodes on its boundary. The
approximating function U can be represented within
each element e by

U=S0.5" @ a3

where U; is the value of U at node 7 and f" ()
is an element shape function associated with node
{ which satisfies the condition
f.-'(ZJ)—‘:{I ZZJ o i)
0ixj, 4,7 ine

. where Z; is the vector representation of he
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coordinates of node 5. The summation is over all
nodes in element e. By extending the definition of
the element shape functions to be identically zero
everywhere outside of element e, the summation
in Eq. (13) can be adjust to extend from 1 to N,
where N is now the number of nodes in region
D less the number of nodes on conducting boun-

daries.

_On the other hand,”[the residual for element e

“can be found by substituting Eg. (13) linto Ejg.
(11) thus giving

R.=AE%U.-f.~'] (15)

The weighting function * W; can be chosen in
any of a number of ways. For this analysis a
weighting function is defined for each node j
according to

WJ':%fi', j=1,2,--N,, (16)

where the notation (Z} denotes a summation over
>

all elements containing node j. In elements which
do not contain node j, W;=0. This choice for W;
is know as Galerkin’s method.®> The weighting
“hill”*®  function
due to their shape (see Fig. 2). The orthogonality
condition (E.. 12) can now be written as
pr. R.ff dS=0, j=1,2.N

5

functions so defined are called

an

Fig. 2. “Hill" function W;(¥) for triangular mesh
with linear shape functions f*(¥)

Using the finite element method, and algorithm

for determining voltage and majority carrier
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distributions over the predescribed region D can
now be developed. Consider first Poission’s equation

—_ L2
prV=—-

where
o= (—q(n—Np) on the n-side of the junction
{ q(p—N,) on the p-side of the junction
In the notation developed above, the solution

vector U is simply the voltage V(¥). Then Egq

(10) becomes

AU =p*V+—LE-=0 (18)
‘The residual is

=7+ £ a9

where V(¥ and p(¥) are the approximating

functions to V(%) and p(2), respectively.
Within any element e, the quantity
from Eg. (17) can be written as

J, stas=], [ro-2 Yasmf. [v-ran

—(£) s Jas (20)

where, on nonconducting boundaries, the normal

R.fi'dS

component of pV is idenitcally zero (Neumann
boundary condition). Now let the approximating
functions for the voltage V and the space charge

o within each element e, be written as

V=SV @n
and
N
P:‘;?:Pifi' (22)

Substituting Egs (20)~ (22
found that

into Eq (17), it is
N
FIer =L g g )as=
=, [ovwsrrs g gas=0 @)

Interchanging summations and rearranging,

S (KT Mr Lm0, j=lzeN 20

i=1

where
) KiiV:Zj Frevfit ds (25)
€T De
Mr=33f, refrds @6)

Egq. (24) is an NXN matrix equation for the N
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unknowns V,;. When values of the space charge p;
are known and appropriate element shape functions
Ji* have been chosen, this equation can he solved
using sparse matrix techniques™ or interative
technique to find {V;}.

The electron and hole continuity equations (Eg.
(7),(®) can be solved in a similar fashion. In the
case of Eq (7), the solution vector is »{(¥) and
the residual is

R:—?’L—V (—nV,+D,ri) @n

The electron drift velocity V, is assumed constant
within an element. Equation (27) then becomes

a" 2 V.ph—D.ph (28)
Then the term fp R.ffdS in Eg (17) can be

written as

[ Rt as=[ [22 i+ Vipass+Dipn-rsi]as
@9)

An expression for the electron concentration #

can be written similar to Egq. (21).

NI

n=>m S (30)

where N’ is the number of interior and noncon-
ducting boundary nodes in D at which electrons

predominates.
Substituting Egq. (21), (29) and (30)
(17), it 1s found that

+D,.ﬁ.~17ff-7ﬁ']15 =0, j=1,2,3, - N'GI)

In order to include the time evolution of the

into  Egq.

Zin,

fl.f' +ﬂ, V fo’

. on; . .
electron concentration 57 I the above equatiors,

the value of 7; after K time steps is designated

7n;X. Then
o, AT AL
P At (32)

where Af is the value of the time step. For all

other occurrence of #; in Eq (31)

1, =0n 1+ (1—-0)akX (33)
where

0=0=1 (€5

whenf=0 the term #/%*! appears only in the

time-derivative term(Eg 32). The time evolution
scheme for this case is said to be explicit. @20

Similarly when 8=1, the time evolution scheme is
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called implicit, a0

In this analysis 0 is chosen as 0.5.

Now, Substituting Eg. (32) and (33) into (31)
gives

’ 7 K+l
=[ 3 (B a0

FGw/De T2

(V£ 1+ DT F P fo°) }dS-:O, F=1,2, e N

(35)
Interchanging summation and rearranging
’
:‘;;U\'Ii.“'-i—ﬁdt (Bi¢+D, KV Iaf— (MY
—(1=0)4t (B;€+D,K;*))k)
=0, j=1,2, N’ (36)
‘where
Bn"=$ v V..l fi'fi* ds @
f(j3 De

and K;;¥ and M;;¥ are defined by Eg.. (25) and
(26), respectively.

Equation (36) is an N'XN’ matrix equation in

the N' unknowns {#;f*'} When values of 7, and
V, have been determined and 0, 4¢ and the element
shape functions f;* have been chosen appropriately,
Eq (36) can be solved for the electron concentration
{7.5+1).
An equation similar to Eq (36) can be set up for
the nodes on the p-side of the junction. This
equation can be solved to find {f**'} to complete
the approximating function for the majority carrier
distribution in region D. FORTRAN computer
program has been written which formulates Poiss-
ion’s equation and the majority carrier continuity
equations in terms of their finite element represen-
tations and then solves alternately for the voltage
and carrier concentration approximating functions
over a specified number of time steps with a flow
chart of Fig. 3.

The element shape functions chosen for this
analysis are simpl ylinear function of theform,
fi'=(a,+a,x+asy)/24 (38)
where a,, @, and a; are constants, and 4 is the area

of triangular element.

In order to use the finite element numerical tec-
hnique described above to analyze the proposed
vertical V-groove JFET structure, a two dimensional
model of the interior of the device must be const-
ructed with an appropriate grid overlay. The

— 51 —

Set matrix arrays

Specify problem type

E?ead number of system nodes and elements I

X
L Initiatize matrices J
Read element mesh topologﬂ
i
lRead all boundary conadition and material progertieg
X
Begin with first element J
3
k. 4
l&msute element matrices |

LAdd element matrices to global matrices l

Are all element zssembled?

—y YES
IModify system eguation to account for boundary mndi‘tloll

h'd
LSoIve system equation

AFe satisfied th
convergence conditions?

NO

YES

Print resuits

Fig. 3. Flow chart for a computer program to
solve steady state vertical V-groove JFET charac-
teristics problem by the finite element method

model chosen for this analysis is shown in Fig. 4.
A regular grid overlay consisting of isosceles trian-
gles with height 0.092xm and base 0.13um was
superimposed over the model.

On the other hand, as with any numerical techn-
ique for solving time-dependent partial differential

Fig. 4. Isosceles triangular elements with Leight
0.092xm and base 0.13pm ‘
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equations, some restrictions exist on the choices
for serveral of the parameters of the finite element
method in order to guarantee that the approximating
functions obtained will converge on a valid solution
of the original equations.

The dielectric relaxation time given by e¢/o
represents the constraint on the time step. The
material conductivity can be expressed as

o=q{ptpp+ tar) (39

Since the V-groove JFET is a majority carrier
device, this stability condition®®* can be written

as

Até[

&
g q#m] (40

Violation of this condition can result in instabi-

lities either in space charge or in electric feld.

4, Analysis of p*m vertical V-groove
JFET

4.1 Two dimensional p*n vertical V-groove JFET
model

The mathematical basis for the finite-element
analysis of the proposed vertical V-groove JFET
structure has been presented and discussed. Using
the simulation program to study the operation of
the p*n vertical V-groove JFET with equal impurity
concentrations on each side of junction, it was
observed that very high values of drain current
with very low associated values of transconductance
were obtained. The cause of this behavior was
traced to two mechanisms. First the curvature in
the p n junction near the drain end of the channel
forced the largest fraction of the depletion region
to lie in the p~type gate rather than extending
equally into the gate and #x-type channel. This
caused a greater current to flow in the channel
for a given drain bias than would be expected from
the simple theory of operation. Additionally, the
excess electrons had the effect of increasing the
conductivity of the channel while reducing the
transconductance of the V.groove JFET by preven-
ting the movement of the depletion layer edge into
channel and tunneling between the channel and
t he drain.

The low transconductance and high output cond-
uctance exhibited by the pn-vertical V-groove JFET

EREGE H30% 108 19814 10

can be significantly improved by increasing the
doping in the gate region while maintaining a
relatively light doping level in the channel. The
effect of the p*n structure will be to force the
depletion region into the channel, thereby minimiz-
ing the rounding of the channel and the tunmeling
effect at the drain end. An applied gate voltage
will then modulate the channel width much more
effectively than in the case of the pn vertical
V.groove JFET.

The model used for the two dimensional numer-
ical simulation of the p*n vertical V-groove JFET
A doping level of - Ny=1.0X
10%cm-* was assumed in the p-type gate with
Ny=5.0%x10'%cm"?
doping near the source and drain was again

is shown in Fig. 5.

in the z-type channel. The

assumed to be Np=1.0x10'"%m"? to simulate ohmic
contact regions.

N CHANNEL N,=50x10"cm™*
. 1t OHMIC REGION
Ny=1,0X10%em™*,

ANV AVAVAAY Y.
A VAAATATA
RN

(N,=1,0>10%"m™*)
M- SUBSTRATE

Fig. 5. Model of vertical p*n V-groove JFET for

numerical analysis.

The electrical behavior of the vertical p*n V-
groove JFET will be determind solely by the
distribution and transport properties of electrons
on the lightly doped side of the junction due to
the very high relative doping in the gate region.

The analysis = of this structure was therefore
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restricted to a majority carrier simulation in the
#-type regions of the device. The gate terminal was
located at the metallurgical p*n junction, This
placement is reasonable only if the highly doped
p-region can be considered as an equipotential and
if the depletion width on the p-side of the junction
<an be neglected.

The boundary conditions on electron concentration
at the gate nodes are assumed to be the following.

Dirichlet boundary conditions® >4 were assu-

med for all conduction boundaries, i,e., for Poisson’s

-equation,
0 at all source nodes
V= { Ve at all gate nodes
lV, at all drain nodes

and for the continuity equations,
#=1X'"*%cm™* at all source and drain nodes, and
p=1x10"® cm~? at all gate nodes. At all

boundary nodes, Neumann conditions® ' 1® ere

other

assumed so that for Poisson’s equation
pVen=0 4D
at all non-conducting boundary nodes, and for the

continuity egquation

Fr- =0 42>
at all z~type non-conducting boundary nodes, and
pp- 2=0 43

at all p-type non-conducting boundary nodes,
where # represents the normal unit vector.

For the first program run(corresponding to given
value of Vg and V), the
and p at each node in the model were chosen as

#=2Np 44

=N, 45)
conditions on 2

initial conditions on 2

For all successive runs, initial
were chosen as the final values from the previous
run. A velocity vs electric field relationship® ¢

©of the form was assumed for electrons

e HaE '
V= Ly tnE] o
Vuut
and
_ EpE
V'—HL'JEf 47
V)u‘

for holes where u,,=1,200cm?/V-S, urp=400cm?/
V-8 and V,=Viet=1x107cm/s.
hole diffusion coefficients D, and D, were assumed

Electron and
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to be independent of electric field with values of
31.1cm*/s and 10.4cm?/s, respectively. A time step
of 4¢=5x10"1* was selected. The built-in voltage
was assumed to be 0.8V. Convergence of the sim
ulation to a steady-state condition was assumed to
occur whenever the maximum change in voltage
at any node was less than 0.009V per time step,
the maximum change in electron concentration at

any node was less than 1.0x10%cm "2 per time step.
4.2 DC Output Characteristics

Figure 6 and 7 represent the electron concentra-
tion profiles with no gate bias applied and V,=0.5
and 2.5,
concentration in the channel is clearly apparent

respectively. The increasing electron

from these figures. The excess charge in the
channel also has the effect of preventing the

output current from saturating.

GATE

103050709090

SOURCE

DRAIN

Fig. 6. Electron concentration contours for p*n
vertical V-groove JFET (V,=0.5V, V=0)

The increase in excess electron region with drain
voltage inhibits the spreading of the depletion into
the channel as well as adding an excess component
to the drain current.

Figure 8 is an electric field profiles of the p*n
vertical V.-groove JFET structure when Vp=0.5V
and Ve=0. From this profile it can be seen that
the electric field in the channel is below the value
necessary to scturate electron velocities at their
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Fig. 7. Electron concentration contours for p*n

vertical V-groove JFET(Vp=2.5V, V¢=0)

SOURCE

Fig. 8. Electric field distribution in p*n vertical
V-groove JFET (V,=0.5V, V¢=0)

SR R o]
1 S

paril 2

Fig. 9. Electric field distribution in p*n vertical
V-groove JFET (Vp=2.5V, Ve=—1.0V)
scattering-limited value of 1.0X%107cm/s. The same
field profile when Vp=2.5V and Vg=-1.0V is
shown in Fig. 9.
As expected, field values in the
structure are much larger for this case. In partic-

everywhere

ular, the electric field at many points in the channe]
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is large enough to cause electrons to reach their
scattering-limited velocities. Thus the JFET ogera-
tion will be dominated by hot electron effects for
moderate terminal vollages. The simplification used
JEET cannot ke used in the
analysis of the vertical V-groove JFET. To a good
that the
determined brezkdown in an abrupt pn junction is

for the long channel

approximation, it is found onset of

avalanche by the inaximum electric field in the
depletion regior:.

The dashed lines of Fig. 10 represent total drain
current for several values of V; as predicted by
the numerical simulation. These data are compared
to an approximate mathematical expression for the
ptn junction output characteristics based on the
simple one dimensional model.

In order to evaluate the results of the numerical
simulation it is necessary to make an approximate
analysis of the JFET structure. It shall be assumed
that the output characteristics®:* takes the form

Vo (Vo 9rf Vo-VetVi V7
Jo=—RB0oVr o2 D bi
’ mVo { V) 3[( Vo )
142
UVsatr

(%78

where g, is the channel conductance with no de-

C))

pletion layer formed, V, is the pinch-off voltage
of an abrupt junction JFET, and all other symbols
take their usual meanings.

From Ep. (48)
£go r( Vo=Vt Vi )”2

Vo L V,
'UutL

(e
e () )

En=
1+

4%

8d4=
1 'U;agL

- ioIp
VsatL, T Vo

for Vp— Vc+ V),.' <V;. For a]lL Vp" Va + V),‘; Vp, ga
is assumed to equal zero and g,

(50

is assumed to
maintain a constant value. The solid curves of Fig.
10 are again assumed to be of the form of Eg(48)
where V, is now pinch-off voltage (V,=3.2V) at
the drain of the p*n V-groove JFET.

Values of output conductance g, and transcondu-
ctance g, for the simulated JFET were calculated
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VII:V]
Fig. 10. Vertical p*n V-groove JFET output

characteristics from numerical analysis
(dashed lines) and from theoretical analysis
(solid lines)

from data of Fig. 10 and are plotted as dashed
lines in Fig. 11. These values are compared tp

transconductance values

apnd outputconductance
found from Egs (49) and (50), respectively. In
the saturation region, g4 is assumed to be zero,
while gt is found from the saturated portions
of the curves in Fig. 10. The transconductance is
in Fig. 11 for Vg=-—0.25V. The output

conductance is plotted for Vy=0.

shown

C.4! T e
WY
N\
TSR
‘E I \\ \\ .
E \ &~
u:" 0.2" N o - |
© N /\(_,_—_:_‘L_ —
! N
0.1 Ve T
“4// - | |
o : ; 1 i
0 0.5 1.¢ 15 2.0 2.5 3.0

Veiv3

Fig. 11. p*n vertical V-groove JFET output condu-
ctance gq (Ve=0) and transconductance g,
(Ve=—0.25V) from numerical analysis
(dashed lines) and from theoretical analysis
(solid lines)

At Jow values of drain voltage, the agreement
between currents found from the numerical
simulation and those calculated from Egq (48) is
excellent However as the drain voltage increases
the resultant drain current attains much higher

values than Eg. (48) predicts. As in the case of

-~ 55 —

the pn vertical V-groove JFET, this excess current
can be attributed to the formation of excess electron
region in the channel. Hence,' the output current
increases with drain voltage for all values of gate
voltage rather than saturating as the simple modef
predicts. The output conductance therefore shows
good agreement with Eg. (50) at low values of
Vb before the excess current becomes significant,
but remains consistently larger than zero in the
saturated region of the output characteristics.

The transconductance is also  strongly affected
by the excess electron in the channel. From Fig.
11, it is readily apparent that the transconductance
agrees with Eg (49) for small V5, but is even
greater than the calculated gnsae fOr larger drain
voltages. This increase is directlt attributable to
the excess carrier in the channel. More charge must
be removed from excess carrier regions than from
the neutral channel in order to extend the deple-
tion region. An applied gate voltage will therefore
moduate the excess current in addition to the
normal conduction current, thereby enhancing the
transconductance.

It must therefore be concluded that the mech-
anism preventing current saturation in the verticak
V-groove JFET is simply the excess electrons and
tunneling effects in the channel.

5, Conclusions

The methematical basis for the finite element
analysis of the proposed vertical V-groove JFET
structure has been presented and discussed. Using
the simulation program to study the operation of
p*n vertical V.groove JFET with p*n impurity
concentrations on the junction, it was observed
that very high values of drain current with very
low associated values of transconductance were
obtained. The cause of this behavior was tracted
two mechanisms. First the curvature in the
V-groove near the drain end of channel forced the
largest fraction of the depletion region te lie in
the p* type gate rather than extending into the
n-type channel. This caused a greater current to
flow in the channel for a given drain bias than
would be expected from the horizontal V-.groove
FET of F.E. Holmes.“® Additionally, the excess
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electrons regions had the effect of increasing the
conductivity of the channel while reducing the
transconductance of vertical V-groove JFET by
preventing the movement of depletion layer edge
into the channel.

Specially, the simulation program was then used
to study the V-groove JFET with the gate acceptor
doping level increased to a very high value. The
large acceptor concentration had the effect of
forcing the depletion region into the channel when
a gate bias was applied. The excess electron conc-
entration in the channel could now be modulated
by an applied gate voltage, resulting in higher
transconductance values than Neumark and Rittn-
er’'s JFET theory“®
excess electron region in the channel was again
found to cause a high output conductance for large

predicted. However, the

values of drain bias.
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