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Abstract

A numerical investigation is carried out on effects of minority
carriers on the transport parameters of onedimensional metal-
semiconductor short diodes under highly injecting conditions. The results
show that at a donor concentration Ng=10 cm™ and total current density
J=0.1 pAcm, the hole injection ratio, ), , decreases rapidly by a factor of
more than 80% within 2um semiconductor layer from the interface.
Furthermore, a comparison of the two-carrier model adopted in this work
with the Schottky model reveals a discrepancy of 30% in the InJ-V
characteristics of a diode of 0.92 eV barrier height.
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1.0 Introduction

Various workers have shown interest in metal-sendaator devices modelling [1-10]. The
mathematical model for such devices is derived frdma Boltzmann transport equation and some
electromagnetic consideration, given by Maxwelljsiations. However due to the complexity of equegio
describing such junctions, the common tendency isohsider mainly the majority carrier in the troos
equations, overlooking therefore the effect of mityocarrier. The behaviour of a metal-semiconduct
device is closely related to the distribution ofrias (electrons and holes) at the junction, ameirt
responses to an external signal. The minorityi@arnjection ratio, which is the ratio of the miity
current to the total current, could reach apprdeidévels under certain conditions such as largeidra
height, high bulk semiconductor resistivity andgkarforward bias. In order to quantify the contribntof
these minority carriers in the transport parametgfrgunctions, there is therefore a need to solve
numerically the steady-state metal-semiconducteicdeequations without simplifying assumptions.
2.0 Theory

The two-carrier model for metal-semiconductor fists adopted in this work is an extension of
the Schottky model, which takes into account theamiy carrier and the semiconductor bulk regioheT
basic equations for this model are derived from ¢herent transport, the Poisson’s equation, and the
continuity equations, which combine with carriecambination and generation processes to give (see f
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where ([, and 1, ) are the electrochemical potentials for electrod hole respectivelyt( andt,) are the

electron and hole lifetimes respectivetys the electronic chargej éndjp) represent the total current
density

and the hole current density respectivétyrepresents the electric field, is the intrinsic free electron
density,Nq is the impurity donor concentratiolf, is the intrinsic level K is the Boltzmann constant amgd
the absolute temperature. Equations doebstitute the five first-order differential equats describing the
two-carrier model of a metal-semiconductor junctibode.

The device prototype is illustrated in Figure 1le Wssume a voltage-controlled ohmic contact with
no voltage drop across it. The boundary conditfonshe electrochemical potentials are therefoveigiby

I, (o)=MW,(0)=E.(0) (2.6)

F(L)=m,(L)=E.(L) (2.7)
and E.(L)=E,(0)+qV - (2.8)
Intrinsic levels at the two contacts are related by

E(L)=E(0)-¢, +qV . (2.9)
For convenience, we define

o, =E. (L)-E(L). (2.10)
From Equations (2. 6-2.10), we derive the five litang conditions below:

F.(0)-E(0)=¢, -, (2.11)

M,(0)-E(0)=0 -0, (2.12)

H(L)-E(L)=0, (2.13)

m,(L)-E(L)=¢ (2.14)

E(0)-E(L)=g, - oV (2.15)

3.0 Solution Algorithm
In order to implement an efficient algorithm, thés a need to scale the above equations. To
achieve that, the following change of variablemésle:

. =g e)-vru() (3.1)
( )KT
—g¥-uwiL) 3.2
Xe=d-—o (3.2)
_ _ EL. L. 3.3
Xs qKT " N, o, KT (
X4=q‘Pp‘<Pp('-)‘LP+LP(|—) (3.4)
KT
y, = ——Jebe (3.5)
Ndl’lﬂDKT
t:L_X (36)
L

E

where L - |EKT 3.7)
) q°N,

@ andg are the quasi-Fermi levels for electrons and haspectively and defined as

0, :Lp—ﬁm[ﬂj (3.8)
qa \n

9, = w+ﬁln(ﬁj (3.9)
qa \n

wherey is the electrical potential.
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The new system of equations can now be written

d(;il :X3+J—(J—X5)6Xp( 1_en+)\n) (310)
dX, _ . _

oy (3.11)
%:1_@(’3(6.1 —X1)+exp()(4 _ep) (312)
dX5 —qniZLzE[eXp(X4 _X1)_1]/Nd"'lnoKT (314)

dt  t,[n ep® -x,)+n ]+t [n ep(x, -6,)+ p,]
where

J=—jL_/N,u KT

0 = /KT

6, =6, -In(N,/n)

, 3.15
0, =0, +In(N, /n) (319
A, =In(p,/u,)
)\P zln(uﬂo/up)
and subject to the Dirichlet boundary conditions,
X:=X,=x,=0att=0
(3.16)

)(1=)(4=%at t=L/L,

The conventional approach to the numerical satutm the semiconductor device equations is
based on the application of Newton's method to #ameous discretized equations. However this
approach has a number of limitations such as tlkal loonvergence and requires a lot of computer
resources since it involves the manipulation oféhowatrices for fine meshes [9]. Our algorithm eslthe
two-point boundary-value problem with two unknowngandu,), by convergent sequence of solutions of
the associated two-point boundary-value problemhvahe unknown. The solution of the problem
corresponds to finding the roots of the system

dl(ul,UZ) =0 (317)
dz(ul,UZ) =0 (318)
whered(d,,d,) represents the deviation from the two terminaliatauy conditions dt..

The algorithm uses a graphical approach by mapghi@golution iru;-u, plane. Equations (3.17)
and (3.18) define two curved andC, in u;-U, plane and the root of the equatiai(;,u,) = 0 is at the
intersection of the curved andG, in u;-u, plane. For any choice af, d; = d;(u;), and can be solved in
u;. The values ofi; andu, define a point of the curv€, in u;-u, plane and a value akb(u.,U,) is
associated to it. The solution of the system thiéirefore be at the point diy whered, = 0. Inverse
interpolation is used to find the valuewfalongC,, which zeroesl,. The flow diagram is shown in Figure
2.

4.0 Results And Discussion

Figure 3 shows that the minority carrier injecti@tio ), is almost constant with the distance in
the vicinity of the metal, and is high for largdues of the barrier heighg, (60% of holes fromx=0 up to
0.5 tm for a diode ofg=0.92 eV). y, decreases with the distance and is uniform beybaddepletion
width. In the semiconductor neutral regigi,more than 10% of holes injected for a diode watha donor
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density N=10* cm?®, value significant enough to affect the curreansport characteristics of the diodes
even at moderate currents. The large minorityi@aimjection ratio observed witl=0.92 eV is in good
agreement with the prediction of Scharfetter (1988)o argued that, when the diffusion componenhef
current can be neglected, the hole injection rediald be expressed as
S K

N, K, s
and since the saturation currehf,decreases exponentially wig y, becomes therefore non-negligible for
high barriers, even at moderate currents. Theentwoltage characteristics of diode of barriegheD.92
eV is presented in Figure 4; it exhibits a lineartjpn inInJ - V plots. A comparative study with the one-
carrier Schottky model reveals a discrepancy betvike two models (30% faps = 92eV). The current
density of the Schottky model being given by

Ya (4.1)

et

where the Richardson constant is assumed to HEL5 cm?K ™ at the donor concentratiddy = 10 cn?

and for a diodd.0gm thick. The large deviation observed is causedheyhigh hole injection, occurring in
diodes of high barrier heights. Toee al (1983) argued that the accuracy of Schottky baireght
determination from I-V and C-V data is worse foglhibarriers and low doping. The discrepancy was
suspected to be caused by the large hole injeotionrring at high barriers and low doping levels.

5.0 Conclusion

In this work, an accurate iterative algorithm feolving the two-carrier model of metal-
semiconductor diodes is described. The resultsraatashow clearly that the hole injection ratio Icobe
as high as 10% in the semiconductor neutral regfaa metal-semiconductor diode and consequently the
minority carriers in such cases unlike in Schotskpuld be taken into account in the current trarispo
parameters of the device. Furthermore a deviatiarpdo 30% ininJ-V plot is recorded between the two-
carrier model and the Schottky model.
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Metal Semiconductor Ohimie back contact

Figure 1 Device Prototype

Journal of the Nigerian Association of Mathematical Physics, Volume 8, November 2004.
Numerical simulation of injection M. G. Zebaze Kana, R. K.. Odunaike aAd A.
Oberafo J. of NAMP



4 1\
Solve two-point bvp with one
unknownd;(us,uz)=0 for u;

v

Compute deviation
da(i)= (1), ua(i)

\ 4
( Solve two point bvp with one\
unknownd;(uy,ux(i))=0 for u;
Predict root w(i) by . J
interpolating(ux(i-1),d2(i-1)) and
(ua(i-2),dx(i-2)) e N
Compute deviatiod(i) =
(U (1), ua(i))
(. J

no

|dgl< tol?

izi+vl |

Store root(us,u,)

Figure 2: Flow diagram
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Figure 4: In J -V plots for the two-carrieodel and the
Schottky model at different barrier heights

Figure 3: Variation of the hole injection ratio with the distance
at various barrier heights
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