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

1. Introduction 

MESFETs are a potential alternative to MOSFETs. MESFETs offer advantages 
in terms of simplicity of fabrication compared with MOSFETs, because only low- 
temperature processes are required for fabrication. Without any radiation- 
sensitive oxide under the gate MESFETs have been reported to stand up to 100 
Mrad [1] compared to values of a few hundred krad for MOSFETs. In the MOS 
case, hot carders may be injected into the oxide. This fixed charge causes degrada- 
tion of the characteristics. The effective mobility in the channel also tends to be 
higher in the MES case. The current flows further inside the silicon, causing less 
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interaction between carriers and the interface states. MESFETs therefore show lit- 
tle noise, being similar to JFETs in this respect. Due to these advantages, concepts 
tbr complementary silicon MESFETs have been investigated as an alternative to 
the traditional CMOS technology [2]. 

Such investigations urgently require the help of device simulation tools with ade- 
quate models for ohmic and Schottky contacts. This paper presents the implemen- 
tation of boundary conditions for metal-semiconductor contacts and for floating 
contacts in the two-dimensional transient device simulator BAMBI [3.4]. The pro- 
gram simulates devices with arbitrary geometry and doping profile. It solves the 
three basic semiconductor equations (1-3) according to drift diffusion theory [51. 
together with two current equations (4. 5) using the method of finite boxes I6]: 
boxes [61: 

q 

LX~ - ~ (p -n+ND-NA)  (1) 

c~n 
VJn = q(--- + Rn) (2) 

Ot 

Op 
VJp = - q ( ~ t  + Rp) (3) 

J~ = qD~ Vn - q~nV~ 

Jp = -qDp  Vp - qBpV~ 

(4) 

(5) 

2. The ohmic contact 

The analysis is based on the presumption that the electrostatic potential and 
electron and hole concentrations (~,n,p) are unknowns. Poisson's equation (1) and 
the two continuity equations (2, 3) are numerically solved with a Dirichlet boun- 
dary 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 is 

V . . . .  = V - ~bi  ( 6 )  

t' D NA') ~[/bi = "Jr - - I n  (7) 
q n~ 

where ~b~ denotes the built-in potential and Vt~,~ the terminal voltage. Simulating 
contacts with external circuits, V~er~n becomes floating, increasing the number of 
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variables to be calculated by one per floating contact. The additional equations are 
given by the nex mixed boundary  condit ion (eqn. 8) defining the dependence be- 
tween contact voltage Vt¢ ~ and contact current l,er~: 

c t .  v , ~ = + [ 3 .  ,orm+C = r  (8) 
dt / 

This is the most general form of the boundary  condit ion 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 appropriate dimensions ofct, 13 
and y, 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 
a = G,13 = 1,y = Iappl.  The equivalent voltage-driven circuit diagram of Fig. 1 (cen- 
tre) requires the assumption that c~ = 1,[3 = R and 7 = Vapp~. 

Io Vo 

6 

-11 -c 
Fig. 1 Equivalent circuit diagrams 
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Interpreting C as a capacity between voltage source and contact, eqn. (8) has to be 
d(y/cz) 

slightly modified by the transformation of  y: y--~y+13 C dt . For simpler 

handling by  the user, eqn. (9) has been implemented directly: 

E J d (y/a - Vt.m) 
ct'Vterm+13' Iterm- C = y (9) 

dt 

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

Vappl - Vterm d (Vapp l -  Vterm ) 
I,orm = + C (10) 

R dt 

The numerical  treatment of  mixed boundary  conditions, eqns. (8) or (9), is illus- 
trated by Fig. 2. Both equations include the two variables V,¢~m and Iterr n. Vterm is the 
addit ional unknown and I,¢rm has to be expressed by ~k, nk, and Pk, the electrostatic 
potential, the electron and the hole concentrat ion at mesh points that lie at the con- 
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Fig. 2 Discret izat ion of  the Boundary Condi t ion  

tact or  are n e i g h b o u r s  o f  a con tac t  point .  The  t e rmina l  cur ren t  is g iven by  integrat-  
ing electron,  hole  and  d i s p l a c e m e n t  cur ren t  densi t ies  J,, Jp and  Jd over  the area  of  
the con tac t  A: 

I~,~m = ,/(Jn + Jp "Jr" Jd)'  dA (11) 
A 

Using  the well k n o w n  finite d i f ference  s c h e m e  first suggested by Schar fe t te r  and  
G u m m e l  [7] the b o u n d a r y  condi t ions ,  eqns. (8) and  (9) f inally yield the 
discrete express ions :  

C t  VtermT q- ~ "  (Jnk q- Jpk + Jdk) + C = r 
" AT 

(]2) 

(~ • Vterrrl F 

with 

-}- JPk q- Jdk) - -  C 

[(-~)~ - (~)~-~,11 - [ V , . m T - ~ l l  ~ 

/ A T  

(1 ~) = y  .~ 

W k 
J.k = q D . - - 7 - [ n u ~ B ( A 0  - n*kB( - A0]  (14) 

u k  

~,V k 
Jp, = qDp--~klP~kB(AO - pukB( -- Ak)] (15) 

~/Ilk -- ~r/Ik X 
A k = B(x) = -  (17, 18) 

V T e ~ - I  

Wk ('~uk -- ~l~)T -- (VUk -- %k}r-~T (16) 
Jdk . . . .  8 

dk A T  
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where I denotes the point at the contact and II the next neighbour (Fig. 2), Jn.p.,~ 
denote the three current contributions at the midpoints, T the actual time, AT the 
actual time step, dk the distance between point I and point II and wk the weighting 
factor for the integration. D, and Dp are the coefficients for electron and hole diffu- 
sion, ¢ is the dielectric permittivity, q the electronic charge and V t the thermal 
voRage. 

Solving the discrete form of the mixed boundary condition, eqns. (11) and (12), 
together with a discrete representation of Poisson's equation and both continuity 
equations (2,3) yields a numerical solution for electrostatic potential, electron and 
hole concentration Vk, nk, Pk at each free node in a finite-boxes mesh and the ter- 
minal voltage Vt~m for each floating contact. Since eqns.!(14) andi(15 ) are non- 
linear in the unknown variable V,~rm a linearization technique is required. For 
current or mixed boundary problems the discretized non-linear equation system is 
therefore solved simultaneously by a coupled Newton's method. 

3. The Schottky contact 

When metal is in contact with a semiconductor, potential barriers ~b, for elec- 
trons and q~bp for holes will be formed at the metal-semiconductor (MS) interface 
(Fig. 3). The Fermi levels in the two materials must coincide with what causes a 
depletion layer similar to that of the one-sided abrupt (e.g. p÷-n )  junction. Accord- 
ing to the thermionic emission-diffusion theory of Crowell and Sze [8] the boun- 
dary conditions at the MS interface read: 

~'/i = V a p p  - -  V s  (19) 

J. = - q ' v . '  (ni - no) (20) 

Jp = q'vp ' (Pi  - Po) (21) 

ni and p~ are the surface concentrations of electrons and holes, ~ the surface poten- 
tial at the MS interface, V, pp the applied voltage and ~¢b~ the doping-dependent 
built-in voltage, eqn. (7). 

Equation (18) defines the surface potential with the help of the barrier dependent 
potential value ~s (Fig. 4) according to the potential variation within the depletion 

EF 

Ev 

E C 

Fig. 3 Diagram of the energy bands at a Schottky contact 
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layer, v& is defined eqns. {22, 23} by 

~ = Oh~ - Oi {22) 

W~ = O i - O ~ p  (23} 

where {I)~ is the intrinsic energy level. 
The boundary conditions, eqns. (20) and (21) model the carrier flow through the 

MS interface with surface recombination terms using effective surface recombina- 
tion velocities v, and v r for electrons and holes, respectively [9]. 

~8 l~ s Ec 
EF 

r l e t e l  S e m i c o n d u c t o r  

Fig. 4 Definition of the surface potential 

The quasi-equilibrium concentrations no and Po are the surface concentration 
for zero bias (V~pp~ = 0). With eqn. (19) the surface potential ~ becomes W = 
W~ yielding 

-Vs (24) r~) = ni .exp ( -~T)  

P0 = n i ' exp  ( - - ~ )  (25) 
VT 

where n~ denotes the intrinsic concentration. 
The recombination velocities vn.p at a MS junction are upper-bounded by the 

saturation velocities of the carriers within the semi-conductor and lower-bounded 
by the collection velocity vc eqn. (26). The value of Vc has been derived by Crowetl 
and Sze [8], assuming a Maxwellian distribution of carrier velocities at the 
contact: 

v: [ {v.~o, = fbfq (26) 

m* is the effective mass for electrons or holes, fu is the probability of a cartier 
reaching the metal without being back-scattered and fq is the probability of  quan- 
tum mechanical reflection of  carriers together with tunnelling effects. 
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Defining vn. p equal to a fraction of v~,~ under  forward bias conditions causes 
unrealistic accumulation of carriers at the MS interlace. Setting vn. p = v~, in order 
to avoid this accumulation for high forward bias will result in an unrealistic deple- 
tion 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 car- 
rier velocities to be represented by the positive part of a drifted Maxwellian 
distribution: 

( " ' )  - -  m n . p y n . p ( V  x - -  Vd ) -  

f(v 0 = K . e x p  
2kT 

(27) 

Taking the mean value: 

Vn. p 

oo 

f v~f(v~)dv, 
0 

cO 

f f(v~)dv~ 

0 

( 2 8 )  

yields the current-dependent expression: 

_ m°% ) "(n.p 
exp v~. 

2kT 2kT ( )" v..p = va + (29) 

[ 
Jn.p 

Here vd - q . (n ,p)  is the drift velocity, y,.p is a compensating factor for the 

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

Figure 5 shows the recombination vs. drift velocity. Under  reverse bias, vn.p are 
kept constant by neglecting their reduction fb and fq. 

Equation (29) is valid in all practical cases. Since the drift velocity is upper- 
bounded by the saturation velocity in the semiconductor eqn. (28) is upper boun- 
ded as well. Comparing the lower bound  o feqn  (29) for Vapp = 0 with the expression 
for the collection velocity yields the fitting parameter  Yn.p = 4. Physically this would 
predict a ratio "r at the MS interface of 0.25 times the ratio within the 
semiconductor, m,*p 
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Fig. 5 Recombination velocity vs. drift velocity 
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Fig. 6 Geometry of the simulated MESFET 

4, Application example 

As a major  appl ica t ion the switching behav iour  of  an n-channe l  silicon MES- 
F E T  with a barr ier  height o f  Oh. = 0.85 eV is presented. Figure 6 shows the 
geometry  and  Fig. 7 the s imulated circuit. The  gate voltage is switched abrupt ly  
f rom a turn-offvol tage  VGs = - 2  V to a turn-on voltage VGs = +0.2 V and back  to 
VGs = - 2  V. 
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4.1 Turn-on behaviour 

The big voltage jump is transmitted to the drain terminal (Fig. 9) resulting in a 
drain voltage peak ofVDs = 6.78 V which is at least higher than the supply voltage. 
The drain current therefore flows out of the device first (Fig. 9). It changes its sign 
after t = 40 ps corresponding to the decreasing drain voltage which reaches the 
value of the supply voltage at the same time. Thus, during the first 40 ps, the current 
enters the device through the gate terminal; passes the depletion region as displace- 
ment current and continues as electron convection current to both the drain and 
the source contact. Source and gate current show significantly higher peaks since 
the drain current is limited by the drain resistor. Forty picoseconds after the gate 
voltage plus conductivity is reached in the channel region and the current starts to 
pass from drain to source. 

÷ VDD=SV 

P, ~)=5kfl  

J 
Fig. 7 Simulated circuit 
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Fig. 8 Drain voltage during turn on 
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Figures 10 and 11 show the convection current flow under the gate metal. Elec- 
trons are flowing into the depleted region under the MES gate (Fig. 10) from both 
sides but the flow from the source side is obviously dominating (Figs. 9 and 10). 
Forty picoseconds later the drain current becomes zero and finally changes its 
direction (Fig. 11). In steady-state condition (Fig. 12) we observe a broad current 
pass at that side of  the device opposite the MES gate. 
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Fig. 11 Direction of the electron current density under the MES gate after 40 ps 
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Fig. 12 Direction of the electron current density under the MES gate in steady-state 
condition 
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The build up or the channel is illustrated most efficiently with the figures of the 
electron distribution (Figs. 13-16). Starting with a completely depleted channel 
re~ion, (Fig. 1>) " ~e' obser've significant electron injection after 12 ps (Fi~,e. 14). After 

Fig. 13 Electron distribution in the channel region before turn on 

- j  

Fig. 14 Electron distribution in the channel region after 12 ps 
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40 ps the depletion region is reduced so far that an electron convection can start to 
flow directly from drain to source as mentioned above although the figure shows a 
small pinch offat  the drain side of the channel region (Fig. 15). This pinch offis 
further decreased but it still exists in steady-state condition (Fig. 16). The gate-drain 

Fig. 15 Electron distribution in the channel region after 40 ps 

Fig. 16 Electron distribution in the channel region in steady-state condition 
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Schottky diode is in t'act reverse biased at a drain-source voltage or VDs - 3.30 V 
This also is proved with the figure of the steady-state potential distribution that 
shows the higher potential drop at the drain side ot'the channel  region (Fig. 17) cor- 
responding to the higher lateral field (Fig. 18). Thus, the device is switched to a bias 
point in the saturation region of the output characteristic. 

Fig. 17 Potential distribition in the channel region in steady-state condition 

STEADY STATE 

Fig. 18 Modulus of the electric field in the channel region in steady-state condition 
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4.2 Turn-off behaviour 

The gate voltage pulse from VGs = +0.2 V down to VGs = - 2  V is again transmit- 
ted to the drain contact. The drain voltage VDs capaci t ivelyjumps from VDs = 3.36 V 
down to VDS = 1.514 V (Fig. 19). Corresponding to the higher voltage drop at the 
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Fig. 19 Drain voltage during turn off 

drain resistor, the drain current  is increased to I D = 0.7 mA (Fig. 20). In contrast  to 
the turn-on case the current now enters the device through both source and drain 
contact  and leaves through the gate terminal. Being only limited by the bulk resis- 
tance it is again the source current that shows the high capacitive peak. 

The electrons leave the channel  region to both sides but dominant ly  to the source 
contact  (Figs. 20 and 21). With increasing drain voltage this situation changes after 
t = 38 ps, when the drain current becomes the slightly higher one (Fig. 20). 

4.3 Time constants 

Finally it should be ment ioned that all time constants are t ime-dependent.  Gate  
and source currents show the small initial value OfZs. C ~ 5ps which is dramatically 
increased within the first 10 ps to 20 ps in both the turn-on and the turn-offcase.  An 
initial value of  VD = 20 ps seems to be appropriate  for drain current  and drain 
voltage. 
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