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BAMBI — A Transient 2D-MESFET Model with General
Boundary Conditions Including Schottky
and Current Controled Contacts

Abstract — Boundary conditions using a current dependent carrier recombination
velocity distribution are developed for modeling Schottky contacts by computer—aided
physical simulation. In addition a boundary condition in the form of an arbitrary linear
combination of voltage and current at the contact is presented. Thus, MESFET-devices
with simple circuits connected to device terminals can be simulated by solving additional
equations. As an example the switching behavior of a MESFET with drain resistor is
investigated.

Introduction

MESFETSs are a potential alternative to MOSFETs. MESFETSs offer advantages in
simplicity of fabrication compared to MOSFETSs, because only low temperature pro-
cesses are required for fabrication. Without any radiation sensitive oxide under the
gate MESFETSs have been reported to stand up to 100MRad [1] compared to a value of
few hundred kRad for MOSFETS. In the MOS case hot carriers may be injected into
the oxide. This fixed charge causes degradation of the characteristics. The effective
mobility in the channel also tends to be higher in the MES case. The current flows fur-
ther inside the silicon causing less interaction between carriers and the interface states.
MESFETSs therefore show little noise similar to JFETs. Due to these advantages con-
cepts for complementary Silicon MESFET's have been investigated as alternative to the
traditional CMOS technology [2].

Such investigations urgently ask for the help of device simulation tools with adequate
models for Ohmic and Schottky contacts. This paper presents the implementation

of boundary conditions for metal-semiconductor contacts and for floating contacts in



the two-dimensional transient device simulator BAMBI [3,4]. The program simulates
devices with both geometry and doping profile being arbitrary. According to the drift
diffusion theory [5] it solves the three basic semicondutor equations (1-3) together with

the two current equations (4,5) using the method of finite-boxes [6].

A¢=-§(P—n+ND—NA) (1)
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VJn=g(5, + Bn) (2)
a

Vi =—q(5, + Rp) 3)

Jn = qDpVn — qunVi (4)

Jp = —qDpVp — qupV (5)

The Ohmic Contact

The analysis is based on electrostatic potential, electron and hole concentration
(¢,n,p) presumed as unknowns. Poisson’s equation (1) and the two continuity equa-
tions (2,3) are numerically solved with a Dirichlet boundary condition for electrons,
holes, and electrostatic potential at ohmic contacts. Assuming space charge neutrality
directly under the terminal the concentrations are set equal to their thermal equilibrium

values. The boundary condition for the electrostatic potential reads

Vierm = ¢ — T1bbi (6)
vy = = in (LD = Ta ly (7)

q ng
where 1), denotes the built-in potential and Vierm the terminal voltage. Simulating con-
tacts with external circuits, Vierm becomes floating increasing the number of variables
to be calculated by one for each floating contact. The additional equations are given by
the new mixed boundary condition (8) defining the dependence between contact voltage

Vierm and contact current lterm.

. LAY
a- Vierm + 6 - (Iterm = C”"(Ei?’m) =7 (8)

This is the most general form of the boundary condition which can be handled by our
method. Thus, a variety of possibilities for interpretation in mathematical as well as in
electrical terms, is offered. Choosing the dimensions of a, and v in the correct way
several different definitions of the outer circuit diagram can be given using arbitrarily a

serial resistive, or a parallel conductive and serial or parallel capacitive loads.

A current driven circuit shown in Fig. 1 (left side) is described by defining o = G, =
1,9 = Igppi- The equivalent voltage driven circuit diagram of Fig. 1 (center) requires

the assumption a =1, 8 = R, v = V1.
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Fig. 1: equivalent circuit diagrams
Interpreting C as a capacity between voltage source and contact (8) has to be slightly

'l
modified by the transformation of y: v — v+ C - d—fi‘zl For a simpler handling by the

user (9) has been directly implemented.

AL~ Vierm
a'Vterm‘l‘,B'(Iterm—C—(a—‘:ite;)) =9 (9)

With the values given above the outer right circuit of Fig. 1 can be simulated.
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Fig. 2: Discretization of the Boundary Condition

The numerical treatment of mixed boundary conditions (8) or (9) is illustrated by
Fig. 2. Both equations include the two variables Vierm and Iterm in whicin Vierm 1s the
additional unknown and Ijerm, has to be expressed by v;,n;, p;. The terminal current is
given by integrating electron—, hole- and displacement current densities Jp,Jp and Jy
over the area of the contact A:

Lierm = [(Jn+ Jp+ Jg) - dA (10)

A

Using the well known finite difference scheme first suggested by Scharfetter and Gum-

mel (7] the boundary conditions (8) and (9) finally yield the discrete expressions:

Vi -V N
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with

w
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where I denotes the point at the contact and I the next neighbour (Fig. 2), J, p, 4
denote the three current contributions at the midpoints, 7' the actual time, AT the
actual time step, dj, the distance between point I and point I] and wj the weighting
factor for the integration. Dy and Dy, are the coefficients for electron— and hole diffusion,

€ 1s the dielectric permittivity, ¢ the electronic charge and V; the thermal voltage.

Solving the discrete form of the mixed boundary condition (11) and (12), respectively,
together with a discrete representation of Poisson’s equation and both continuity equa-
tions (2,3) yields a numerical solution for electrostatic potential, electron and hole con-
centration ;,n;,p; at each free node in a finite-boxes mesh and the terminal voltage
Vierm for each floating contact. Since (13) and (14) are nonlinear in the unknown
variable Vierym a linearization technique is required. For current or mixed boundary
problems the discretized nonlinear equation system is therefore solved simultanously by

a coupled Newton’s method.

The Schottky Contact
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Fig. 3: Diagram of the energy bands at a Schottky contact

When metal is in contact with a semiconductor, potential barriers ®,, for electrons
and @y, for holes will be formed at the Metal Semiconductor (MS) interface (Fig. 3). The
Fermi levels in the two materials must coincide what causes a depletion layer similar

to that of the one-sided abrupt (e.g.,pT-n) junction. According to the thermionic



emission—diffusion theorie of Crowell and Sze [8] the boundary conditions at the MS-.

interface read:

"/’i = Vapp - "/’s (18)
Jn = —q-vn - (n; — no) (19)
Jp = q-vp - (Pi — Po) (20)

n; and p; are the surface concentrations of electrons and holes, 1; the surface potential
at the MS-interface, Vgpp the applied voltage and p; the doping dependent built-in
voltage (7).

(18) defines the surface potential with the help of the barrier dependent potential value
s (Fig. 3) according to the potential variation within the depletion layer. 1, is defined
by (21,22)

Ps = Py — @4 (21)
¥ = & — By (22)
where ®; is the intrinsic energy level.

The boundary conditions (19) and (20) model the carrier flow through the MS-interface
with surface recombination terms using effective surface recombination velocities v, and

vp for electrons and holes, respectively [9].

The quasi—equilibrium concentrations ng and pg are the surface concentration for zero

bias (Vgppr = 0). With (18) the surface potential ¢; becomes ¢; = 15 yielding

o = ;- exp(2) (23)
P

Po = nj - exp(; ") (24)
T

where n; denotes the intrinsic concentration.

The recombination velocities v, p at a MS-junction are upper bounded by the saturation
velocities of the carriers within the semiconductor and lower bounded by the collection
velocity ve (25). The value of vc has been derived by Crowell and Sze, assuming a

Maxwellian distribution of carrier velocities at the contact.

kT
Ve l(Va,.pzSO) - \/2m*7r “fofo (25)
m;,p is the effective mass for electrons or holes, f}, is the probability of a carrier reaching

the metal without being backscattered and f; is the probability for quantum mechanical

reflection of carriers together with tunneling effects.



Defining vn p equal to a fraction of vse¢ under forward bias conditions causes unrealistic
accumulation of carriers at the MS-interface. Setting vy p = vsq¢ in order to avoid this
accumulation for high forward bias, will result in an unrealistic depletion of carriers at
the contact if zero or low bias is applied. As pointed out by Adams [10] one expects a

non-Maxwellian distribution of velocities of carriers travelling into the metal.

Our investigations followed the approach by Adams {10] who assumed the carrier veloc-

ities to be represented by the positive part of a drifted Maxwellian distribution (26):

_m:z,p')’n,p(”m . vd)z )

= K 2
Taking the mean value (27)
o0
J vz f(vg)dvg
Vi = P (27)
I f(vg)dvz
o
yields the current dependent expression (28)
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Here 94 = Jup i the drift velocity, yn,p 1s a compensating factor for the increase

Q'(n,P)

of the carrier effective mass caused by band structure changes at the MS interface
(Stratton(11]), and K is a normalization constant. '

Since the drift velocity is upper boun-

ded by the saturation velocity in the N : s

tical cases. Comparing the lower bound : /

of (28) for Vgpp = 0 with the expres-

sion for the collection velocity yields s b

semiconductor, (28) is valid in all prac-
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Fig. 4: Recombination velocity vs. drift velocity

Fig. 4 shows the recombination vs. drift velocity. Under reverse bias vy, are kept

constant by neglecting their reduction by f; and fj.
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Application Example

As a major application the switching behavior of an n—channel Silicon MESFET is
presented. Fig. 5 shows the geometry and Fig. 6 the simulated circuit. The gate voltage
is switched abruptly from a turn-off voltage Vg = —2V to a turn—on voltage Vg = 0.2V.
This voltage jump is transmitted to the drain terminal (Fig. 7) resulting in a drain
voltage peak of Vp = 6.78V which is at least higher than the supply voltage. The drain
current therefore flows out of the device first (Fig. 8). It changes sign after ¢ = 40ps
corresponding to the decreasing drain voltage which reaches the value of the supply
voltage at the same time. The depleted region under the MES gate (Fig. 9) is reduced
from both sides (Fig. 10) but the source current is obviously dominating (Fig. 8,10) due
to the limiting drain resistor. During the first 40ps the current enters the device through
the gate terminal and passes the depletion region as displacement current towards drain
and source. After 40ps the depletion region is reduced so far (Fig. 11) that an electron
convection current starts to flow directly from drain to source. Finally in steady-state
condition we observe a broad current pass at that side of the device being opposite to

the MES gate (Fig. 12).
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Fig. 7: Drain voltage during turn on Fig. 8: Contact currents during turn on
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Fig. 9: Electron distribution before turn on Fig. 11: Electron distribution after 40ps

—\l‘(lg.‘
oq = — 1802
e ———— e — amid
e— = .
B e iy z
_1 :i__________ PR :
(5 ! i e e e i
e : — ————— N
— 1 sl N e 1 (=
= T i [
Bk . - T - = e — =
= i B SlSR—— S ([ ety
> i R e e
= = —_—— w -
L_”.‘ — — e >
& . —— So— o e
= e i o et e [ I O e R - =
= S Cre—— o
= 1 - o)
ead SEm— e F = B EsS EEREEN EEELER
e e — E -
5 B L T = S
z 0 6 20 CAETE AATE ORATIH
HICFOMS LATERAL A A S A
SCUFCE GATE ORATIN HICRONS LATERAL

Fig. 10: Electron current density after 1ps Fig. 12: Steady state electron current
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