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Abstract

We describe a technique to extract device parameters of a Schottky barrier diode whose barrier height is bias de-
pendent and which contains a linear series resistance. The extracted parameters include the saturation current (zero bias
barrier height), the voltage dependence of the barrier height and of the ideality factor as well as series resistance. The
technique makes use of forward biased current—voltage (/-V') characteristic and voltage-dependent differential slope
curve o = d(In/)/d(In¥). The method is verified using simulated and experimental /- curves of an Al-pSi structure.
The proposed procedure is not limited to Schottky barrier diodes but may be applied to other diode types based on P-N
junction. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The deviation from ideality of metal-semiconductor
structure (M—S) current—voltage (/-V) characteristics is
related to variation of barrier height with applied volt-
age [1,2]. An ideality factor, f > 1, is commonly used to
phenomenologically model the non-ideal characteristics
(with f =1 for the pure thermionic emission case).
Values of f different from unity result from image forces
acting on the barrier height (@) and interface states or
traps, localized in the unavoidable native oxide covering
the semiconductor, which are populated or released with
applied voltage thereby modifying the effective ®y. At
moderate bias levels, the main reason for the deviation
from a pure exponential characteristics is the fact that
various carrier transport mechanisms such as tunneling
through a barrier and generation—recombination cur-
rent in the depletion region occur simultaneously with
thermionic emission thereby changing f [1,2]. In the high
voltage regime, the /-V characteristics deviate from its
exponential form due to the presence of a linear or non-
linear series resistance (Rs) [1].
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The ability to determine the voltage dependence of
is important for establishing the exact current flow
mechanisms as well as to extract correct parameters of
Schottky diodes: the saturation current (Iso) which gives
the zero bias barrier height (®py) and the voltage de-
pendence of @p in the presence of Rs. Several techniques
have been published [1-7], which address the B(V)
problem. Most do not consider the series resistance ex-
cept for Refs. [6,7]. In Refs. [1-3] the voltage dependence
of the ideality factor is established assuming, a priori,
that § has a constant value. The method to determine
B(V), suggested in Refs. [4,5], includes graphical differ-
entiation, which uses experimental I~V characteristic of
an Au/GaAs Schottky diode with interface states and
trapping levels placed in the native oxide of the GaAs.
This technique is not only labor-consuming but does not
take into account the series resistance. The graphical
technique suggested by Norde [8] has been developed in
Ref. [7]. It uses the Rhoderic approach [2] of linear de-
pendence of the barrier height (that is image potential)
on applied bias, which is appropriate only at low volt-
ages when the deviation of the ideality factor from one is
insignificant. The method developed in Ref. [6] stands
out as the most reliable one. However it includes a
cumbersome experimental procedure in which external
resistors (specific for each diode) have to be added fol-
lowed by complicated curve fitting. Above and beyond
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that, the technique assumes that the ideality factor has
the same value for different current levels, with and
without external resistance, but this leads to different
values of the voltage drop (V; =V —IRs) across the
junction (see Eqs. (7) and (11) in Ref. [6]). This re-
quirement may only be fulfilled at low voltages, when
V; > IRs.

In this paper we propose a simple analytical method
to determine the character (V) from measured /-1 data
and to extract the saturation current (zero bias barrier
height) and the series resistance without the need to re-
sort to complicated graphical differentiation technique
[4,5], elaborate experimental procedures [6], or to the
technique [7], which is valid only under limited condi-
tions. The procedure was tested on a simulated () and
experimental I~V characteristic of an Al-pSi structure.

The suggested technique is based on an analysis of
the differential slope of the experimental I~V charac-
teristics.

d(In7)
= d(ny) M)

The usefulness of transforming the experimental -V
characteristics in accordance with Eq. (1) was demon-
strated in Refs. [9-14]. This formalism enables to trace
changes in the current flow mechanisms and to extract
device parameters of a single and double injection sys-
tem as well as metal-semiconductor and P-N diodes
whose ideality factor is voltage independent.

2. Extraction methods of the voltage dependent ideality
factor

The forward I-V characteristic of a Schottky barrier
diode whose barrier height is bias dependent for bias
levels larger than 3kT/q is described by [1,2],

q(V — IRs)
1=1 _ 2
A =
where
)]
ISOZSA*TzeXp<fk—?) (3)

Here V, ¢, k, and T are the total applied voltage, the
electron charge, the Boltzmann constant and the abso-
lute temperature, respectively. The contact area is S and
A* is the Richardson constant.

The ideality factor whose only voltage dependence
stems from the voltage dependence of the Schottky
barrier height, is expressed by [2],

= 4
=y )

where A®p = Py — Py is the change in barrier height

due to the applied voltage. The establishment of the

actual form of the (7)) dependence requires solution of

the differential equation

kT d(Inl) 1 ds V(1-%) dp

il = (1-Rg) - il
' dv

g dv g\ dv (5)
Note that the conventional linear approximation of
In(Z) — V (see Eq. (2)) neglects the second term in the
right-hand side of Eq. (5), which implies the condition
(dB/dV) =0 or a linear dependence of A®y on voltage
in Eq. (4) is assumed. This formalism with the additional
approximation of Rg = 0 was used in Refs. [1-3] to de-
termine the voltage dependence of ideality factor of
practical devices. The linear approximation of the image
potential, which was assumed in Ref. [7], causes a con-
stant value of f§ in accordance with Eq. (4).

3. Power exponent method

Simple algebraic manipulation of Eq. (2), using Eq.
(1) yields

7ﬂ{1

(V —IRs) dp 1
TR R dv}(H%)

BT

(6)

The inclusion of the (V) dependence according to Eq.
(4) in Eq. (6) results in

_ar IRs IRs \ dA%g
o‘*kTKl VZM)B) <1 V) ar

1
I (1)

(7)

It is seen from Egs. (6) and (7), that in the case of pure
thermionic emission the power exponent changes lin-
early with voltage in the [Rs < V; regime. It goes
through a maximum at a moderate bias due to Rs and it
becomes a non-linear function of the bias when IRs > Vj
[10]. In the case of a voltage independent ideality factor,
Eq. (6) permits to extract Schottky or P-N junction
diodes parameters according to the techniques suggested
in Ref. [10].
A solution of the differential Eq. (6) for  yields:

qv IRs 1
[3:—(1——)7. (8)
kT 14 f;;:# 2dy

and using Eq. (8) in Eq. (2) we can obtain an equation to
determine the saturation current and therefore the zero
bias barrier height.

1

— )
exp [sz:y?T 2dy]

ISO =
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By — kT | In ([ —— —/V 2av (10)
B0 = n SA* T2 Vo=3"7rV

A numerical solution of Eq. (8) gives the (V) depen-
dence at low voltages when the influence of the series
resistance causes a small change in the behavior of the /-
V curves. However the determination of the actual na-
ture of (V) in the high bias regime requires knowledge
of Rs. In the high bias regime, changes in f# have a
negligible effect on the /- characteristic compared to
changes caused by the IRs voltage drop. Therefore, Rg
may be determined under the assumption (df/dV) =0
and this leads to [10]

I
Re=—2 11
=L (11)
-V
Rs =~ (12)

Egs. (11) and (12) allow to extract Rs from the power
exponent maximum: oy, Vn, Iy (the maximum value of o
and the bias points in which it occurs [10]) or from I~V
data and the corresponding calculated o~V characteris-
tics with the parameter

d(Ina)

= d(ny) (13)

The limitation and accuracy of Eqgs. (11) and (12) will be
considered below.

4. Verification of the parameter extraction method
4.1. Calculated I-V characteristic

A p(V) function, taken from Ref. [6], is shown in Fig.
1 (curve 1). The low voltage part of this curve was ob-
tained by the graphical differentiation method of the
experimental I-V curve of an Au/nGaAs Schottky bar-
rier diode given in Ref. [4].

Fig. 2a shows the calculated I~V characteristics based
on Eq. (2) for (4" =4.4 A/ecm’K?), ®py = 0.88 eV,
S = 0.01cm? and various series resistance values taking
into account the data of curve 1 in Fig. 1. The a—V
transformation of these I~V characteristics is given in
Fig. 2b. The first maximum is caused by a change in the
current flow mechanism at low bias, which is originated
by the change of barrier height with voltage (see the
beginning part of the (V) characteristic (curve 1, Fig.
1)). The behavior of o—V at moderate voltages, when
Rs =0 (curve 1 of Fig. 2b), is attributed to the non-
monotonic form of (V) at ¥ > 0.5 V (see curve 1 of
Fig. 1). The influence of the series resistance is seen in
the second maximum, which is followed by a decrease in
o (see curves 2-4 of Fig. 2b). A large Rs causes a shift of
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Fig. 1. Ideality factor dependence on applied voltage. Real f
(curves 1 and 2), effective f§ (curves 3-5) and calculated f§ (curve
6). Curve 1 — dotted curve, calculated in accordance with Refs.
[4,6]; curve 2 — solid line, calculated numerically by Eq. (8) for
Rg = 0, utilizing the data of curve 1 in Fig. 2; curves 3-5 — solid
lines, calculated numerically by Eq. (8) without taking into
account the values of the series resistance (see below data
of curves 24 in Fig. 2); curve 6 — dotted curve, calculated by
Eq. (5) (for(df/dV) and Rs = 0), utilizing the data of curve 1 in
Fig. 2.

the second maximum to lower voltages while it simul-
taneously lowers its value. Using the o—V data in Eq. (8)
gives the voltage dependent effective ideality factor
B(V)=B)/(1 —(IRs/V)). The set of B'(V) depen-
dencies for the I~V curves of Fig. 2a are shown in Fig. 1
(curves 2-5). It can be seen that for Rs = 0 the calculated
B (V) (curve 2) is very close to the initial one (curve 1).
The maximum differences are less than 3% at low volt-
ages and less than 1% at high bias levels. The addition of
a series resistance changes the effective ideality factor at
high voltage and the voltage in which this changes starts
to be noticeable decreases as Rg increases (curves 3—-5 of
Fig. 1).

Fig. 3 shows the change of the series resistance with
voltage calculated using Eq. (12) from the data in curves
2 and 3 (Rs =10 and 100 Q). It is clear that in the
voltage range including the second maximum Rg is bias
independent over a large voltage range. The calculated
Rs hardly differs very little from its simulated value, in
particular when Rg is large. This fact is demonstrated by
the dependencies of the deviation of Rs, calculated at
various currents, from its true simulated value (Fig. 4).
The increase in the accuracy of extraction of the series
resistance requires the measurement of the I~} charac-
teristic up to the voltage where the o—V curve is far
beyond its maximum. This condition for Rs < 10 Q re-
quires a current measurement up to 5-10 mA to provide
the deviation of series from true one less than 4-5% (see
that of Fig. 4). The determination of Rg based on Eq.
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Fig. 2. (a) Calculated I-V, (b) o—V characteristics, utilizing the
data of (V) shown in curve 1 of Fig. 1, for different series
resistances: Curve 1 — Rg = 0, 2-10, 3-100 and 4-1000 Q.
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Fig. 3. Voltage dependencies of the series resistance calculated
by Eq. (12), using the data of Fig. 2. Curves 1 and 2 are re-
spectively, in accordance with the data of curves 2 and 3 in Fig. 2.
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Fig. 4. The dependencies of the relative accuracy of the ex-
tracted series resistance (Eq. (12)) on the simulated resistance at
different currents through the diode. Curve 1 — 5 mA, 2 — 10
mA, 3 — 20 mA.

(11) is less reliable due to influence of the strong non-
linearity in the low voltage regime of the (V) depen-
dence.

Fig. 5 illustrates the influence of the series resistance
deviation from its simulated value on the accuracy of the
calculated ideality factor in accordance with Eq. (8). It
can be seen that this issue becomes noticeable only at
high voltages, where the 5% deviation in accuracy of the
Rs causes a larger than 5% change in the calculated
ideality factor. Note that the deviation of the ideality
factor dependencies from the initially simulated one in
the voltage range of interest is lower than the corre-
sponding deviation arrived by the method suggested in
Ref. [6] (see Figs. 9 and 10 in Ref. [6]).

4.2. Experimental I-V characteristic

The parameter extraction technique was applied to
an Al-pSi structure with a Si resistivity of 5.7 Qcm,
measured by four probe system, and contact area of
S =0.00028 cm? (Rs = 595 Q). A thin 10-15 A native
oxide film covered the Si substrate before deposition of
the contact. Experimental (without smoothing ') room
temperature I~V characteristic and the corresponding
calculated a—V curves are shown in Fig. 6. The voltage
dependence of the series resistance, calculated by Eq.
(12) is shown in Fig. 7. We note a large voltage range
where Ry is essentially unchanged with an average value

"In order to improve the parameter extraction accuracy,

the experimental /-V, o~V and y-V dependencies must be
smoothed to avoid errors which common when high order de-
rivatives are used.
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Fig. 5. Variation with applied voltage of the percent deviation
of f§ (extracted using Eq. (8)) from true value due to the change
in the relative accuracy of series resistance. Curve 1 — ARg =
1%, 2 — 2%, 3 — 3%, 4 — 4%, 5 — 5%.
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Fig. 6. Experimental (---) and calculated (—) I~V and oV
plots of an Al-pSi Schottky diode.

of R = 595 Q, which is very close to the one determined
from direct measurement of the resistivity.

The B'(V) dependence calculated from Eq. (8) is
shown in Fig. 8 (curve 1). Using the obtained average
experimental value of Rs in Eq. (8) yields the actual (V)
dependence as illustrated by curve 2. Also shown in Fig.
8 (curve 3) is the f(V) dependence calculated by a
conventional method [1,2] where the I~V characteristic is
differentiated in accordance with Eq. (5) under the as-
sumption of (df/dV) and Rs =0. It is obvious that
curves 2 and 3 differ significantly in both the low and
high bias regimes. The behavior of the actual S(V)
(curve 2) at low voltage is close to the characteristic in
the case of a measurable density of interface states or
trap levels which penetrate into the native oxide on the
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Fig. 7. Voltage dependence of the series resistance extracted by
Eq. (12) using the experimental data of Fig. 6.
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Fig. 8. Voltage dependence of the calculated ideality factors,
obtained from the data of Fig. 6. Curves 1 and 2 — ideality
factors extracted from Eq. (8), respectively without and with
taking into account the series resistance Rs = 595 Q. Curve 3 —
calculated by Eq. (5) for (df/dV) =0 and Rs = 595 Q.

metal-semiconductor boundary [2,15]. From the f(V)
curve in the low bias regime of curve 2 in Fig. 8 using
Eq. (4) we can get the voltage dependence of A®y which
is shown in Fig. 9. The difference from the dependence in
the case where the influence of image forces on barrier
height dominates (A®g ~ V%% [1,2], curve 1) supports
the argument for the role played by the trap levels, when
the variation of A®y with applied bias is significant [5].

The calculated saturation current (Eq. (9)) is almost
constant as seen in Fig. 10. Its average value and
therefore the zero bias barrier height determined by Eq.
(10), are equal respectively, to Iy = 4.2 x 10-'! A and
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Fig. 9. A®y versus applied voltage. Curve 1 plotted in a scale

corresponding to the influence of the image forces. Curve 2,
plotted in conventional coordinates.
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Fig. 10. Saturation current versus applied voltage. Is, was
calculated by Eq. (9) using the data of Fig. 6.

@y = 0.803 eV (here the Richardson coefficient was
taken as (4" =120 A/em’K?) [1]). The determined
value of @, differs from the value given in Ref. [1] for an
Al-pSi structure (~0.58 eV), obtained for evaporated
aluminum on cleaved or chemical purified silicon. When
the surface or trap states exist on the metal-semicon-
ductor boundary, the surface Fermi level is defined by
these states and therefore the value of the barrier height
does not depend only on the contact materials but may
vary due to doping level and surface properties of the
semiconductor [1]. An additional reason for the large
obtained barrier height may be its inhomogeneity > over

2 In the case of any inhomogeneity of the barrier height over
the contact area [16], the result reflects the voltage dependence
of its mean quantity.

the contact area [16] or a variation of the physical gaps
between the Si surface and the metal due to non-uni-
formity of the interfacial native oxide thickness [9,12,
17,18]. These occur as our Si substrate was not been
etched prior to evaporation and the structure was not
annealed during or after the Al deposition. It should be
remarked, however, that the determination of the exact
reasons, causing the observed large barrier height, re-
quires additional study and is beyond of the scope or
purpose of this paper.

5. Conclusion

In summary, we have described a new procedure to
extract physical parameters of a Schottky barrier diode,
the ideality factor of which is bias dependent and which
contains a series resistance. The technique was applied
to simulated as well as measured data and was found to
yield accurate parameters in all cases.
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