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ABSTRACT

Experimental study of Capacitance-Voltage-Temperature (C-V-T) plots, Current-

Volt age-Temperature (I-V-T) characteristics have been undertaken in order to determine

the height of the Schottky barrier. The results of the barrier height obtained by the above

two methods were found to differ as well as vary with temperature change. In view of

this discrepancy in barrier height values, two further experiments were performed: one

on activation energy (I-T) plots and the other on pulsed (I-V-T) characteristics, and the

results were found to show a similar trend. The Schottky diode studied was a 30CP040.
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1. Introduction

The current on-going research work on Schottky barrier diode is

mainly biased towards their electrical properties. The two main areas

of concern are: 1) the barrier height, and 2) current transport which

have both been reviewed by Mead [1] and Sze [2] respectively, with

emphasis placed on the forward current capability, which relates

intimately to their electronic applications [3,4], However, little

work have been done to study the metal-semiconductor barrier height

characteristics, and to ascertain whether the barrier height is

single or multiple.

Despite some very desirable features of ideal Schottky barrier

diodes [2,5], such as fast switching time and low turn-on voltage,

they have not been used extensively - chiefly because of the

processing difficulty, and soft reverse characteristics. These two

problems are closely related to the barrier height, since poor

processing could give rise to undefined barrier which in turn could

result in poor reverse characteristics. It is our belief that, however

careful the processing of the metal-semiconductor materials, and hence,

the final preparation of the Schottky barrier diode is undertaken,

there will still remain a problem of producing a single barrier height

as is normally stated in many research papers as in above references.

In this paper we are going to present mainly experimental findings

using C-V, I-V, and I-T techniques to show that there is an extra



factor contributing to the uncertainty of the barrier height, and

hence it is more appropriate to talk of multiple barrier than single

barrier.

2. Measurements of the barrier height

There are various techniques used for measuring the barrier height of

a metal-semiconductor contact {Schottky barrier). The four basic ones

are: 1) plotting the reciprocal square of the diode capacitance M/C )

versus reverse bias voltage, commonly known as C-V plot [61; 2) the

current-voltage method, where the barrier height is calculated from

the saturation current density using a standard Richardson's constant

(120 Acm K ") [7]; 3) measurement of the activation energy of the

diode reverse current; and 4) photoelectric techniques [8,9].

In this work the barrier height was obtained by the first two methods,

several experiments were performed using the third technique to see

how temperature affects the activation energy curve, and hence the

barrier height. An attempt was not made to use the fourth technique.

And from the knowledge of the location of the Fermi level below the

conduction band edge within the semiconductor, one can also determine

the barrier height as [11]:

= v,
kT Eqn. (2)

where * = kT/e ) the Fermi level potential. Also the barrier

height can be obtained for flat band conditions including the

image-force lowering [11]:

V = V + * + - ^ 4«(V)
B I F Q

Eqn. (3)

where fl*(V) is the image-force correction to the barrier height, and

is given by [11]:

N r

V • V - Ji
HO e •)] Eqn. (A)

2.1 barrier height from capacitance-voltage measurements

The capacitance analysis method used is a relatively simple technique

which has been used extensively for the determination of barrier

height. In this technique, the barrier height is determined by the

measurement of barrier differential capacitance as a function of

reverse applied voltage. As was stated earlier, by plotting 1/C2

versus applied voltage v and extrapolating to 1/C"=0, one can

determine the voltage intercept V and hence, the Schottky barrier

height [10] as:

Barrier height V = Intercept (V,
B 1

kT Eqn. (1)

where ND is the donor or acceptor density; e is the semiconductor

dielectric constant: and V is the diffusion potential of the

Schottky barrier (i.e., * minus the Fermi energy).
80

The C-V measurements were performed at signal 1KHz using the "LCR

Oatabridge 401", over a reverse voltage up to 2V in the temperature

range of 20°C - 200°C. Fig. 2 shows the typical 1/C2 - V plots of

Schottky contacts obtained using circuit of Fig. 1. The barrier

height (VB

listed in Table 1.

*c-v ) as well as the voltage axis intercept are



TfK)

293

323

373

423

473

V,{V)

0.35

0.325

O.290

0.245

0.220

0.376

0.353

0.322

0.282

0.260

TABLE 1 Data for and obtained from C-V plot (Fig. 2)

The voltage intercept and hence the barrier height were found to be

temperature dependent. This was also observed by Attala [8] and many

other researchers [12,13,14]. The slope of the capacitance-voltage

relationship was observed to be independent of temperature. This is

so, because it is the field-ionised impurity concentration in the

semiconductor depletion region that is measured and not the thermally

ionised carrier concentration in the semiconductor bulk.

In addition to determining the unlowered barrier height, the doping

concentration in the semiconductor depletion region can be determined

from the slope of the 1/C2 versus voltage relationship [5] i.e.,

A2 e V o 1 - d(1/Ca)/dV-l
Eqn. (5)

where A is the area of the diode, and the rest of the symbols have

their usual meanings.

However, to use this equation in order to determine ND, one must know

the area of the diode precisely. Another technique which can also be

used to determine N and does not require the knowledge of the area of

the diode will be discussed later in the text. (There is always some

doubt about the difference between electrical area arid geometr ical

area, since the current is not uniform).

2.2 Current-voltage measurements

For the I-V measurements, the device was placed in an oil bath

containing silicon oil. A series of forward voltages in the range of

0 - 600 mV were applied and at different ambient temperatures range of

20°C - 200°C. The resulting currents were measured by a Philips PM2521

digital current meter. According to thermionic-emission equation [7],

which is given by:

J = A * T W - e * B D / kT) £qn. (6)

for V>3kT/e, the extrapolated current density (Js = I../A) which is

the saturation current density, and the zero bias asymptotic barrier

can be obtained from the equation as:

*B0
kT

T
Eqn. (7)

and the ideality factor which is given by:

n = kT \d( Inl
Eqn. (8)

The semi log plot of thermionic-emission Ecjn. (6) should give a

straight line for the forward bias. However, our measured I-V plots of

the Schottky diode exhibits departure from the ideal

thermionic-emission behaviour. The deviation from the ideality may

be due to the presence of an interfacial layer or other factors which

will be discussed later. The departure from straight line at higher

current levels is due to the voltage drop across the epitaxial film

and the substrate.



Fig. 3 shows the I-V characteristics of the Schottky diode together

with asymptotic values of Js- In order to calculate the barrier height

one must know the area of the diode (i.e., A ) . This was also the case

with the calculation of ND, the impurity concentration using Eqn. (5).

However, a technique used by Cowley [11] and Perlman [15] to predict

NQ can be extended and used to predict the value of A, which in turn

can be used to calculate the barrier height *'"v using Eqn. (7).
BO

The modified zero bias current density [5,16], i.e.,

Js - A V exp j-
e[* -

kT
Eqn. (9)

which can also be written in the form:

In Eqn. (10)

where p =e/kT, substituting for A* from Eqn. (4), we have

In I v + v -

= intercept + Eqn. (11)

I".Hence, we can see that by plotting ln{I ) versus fv + V - — ^

the first term will be an intercept on the log current axis and the

slope of the plot will be given by

s Tope -
dlnU )

Eqn. (12)

Or

Z 3
81 £

Eqn. (13)

where e = c e . Since the rest of the quantities are all known, H can

be found easily.

Fig. 4 shows the characteristics of 7n(Io) versus (V + V - kT/e)

at various ambient temperatures ranging from 20°C - 200°C, with v, the

reverse bias voltage varied from 0 - 12V. Shown on the same graph are

the values of Nc obtained from the slope of each ambient temperature

curve. As was stated earlier, N is not supposed to vary with

temperature, hence, it is legitimate to take the average of all the

five values of N^. This was found to be 4.4SX10""m '. This average is

shown at the bottom of the same graph (Fig. 4 ) . Using Eqn. (5), one

can now predict the value of A, which was found to be 5,76X10 cm ,

using the linear portion of I-V characteristics (Fig. 3] and A the

Richardson's constant of 120amp/cm"/ K [10], the experimental measured

barrier height at zero bias and 'n' values which were obtained using

equations (7) and {8) respectively, at various temperatures are shown

in Table 2.

T(K)

293

323

373

423

473

* L
B-

V(V) I

0.541

0.552

0.540

0.523

0.542

a

0.563

0.552

0.540

0.523

0.542

n-factor '

1 .16

1 .16

1 .14

-

TABLE 2 Shows comparison of
factor

and the *I"V, also shown is the ' n'



Only the first three values of n were found, since at higher

temperature, it was difficult to predict n accurately. In the same

c v
table is shown the barrier height •_ , obtained using equation (2)

i.e., *B = Vj + *F • kT/e, where Vj is the voltage intercept of

1/C2 - V plot (Fig. 2), *F - kT/e. 7n(Nc/ND) is the Fermi level

potential in the bulk with respect to the valency band maximum, and

Nc = 2.8Xi013cm"J [17]. If desired, one can obtain the barrier

height due to image-force barrier lowering (i.e., A*(v) - 0.28eV, see

Eqn. (4)).

Fig. 5 shows the plot of the barrier height versus temperature (i.e.,

C-V 1 -V

for both *' and *u ) . It can be immediately observed that barrier

height obtained by I-V plot is always greater than the barrier height

obtained by C-V plot throughout the temperature range. The temperature

coefficient of *C"V and <t'"v is 3.1X10"" eV/K and 1.0X10"'' aV/K

respectively.

r* - v 1 - V

This difference between • ' and * appears to indicate the

existence of multiple barrier heights in the metal-semiconductor

junctions. Most authors have suggested the two barrier concept

[18,19,20] (i.e., the existence of two regions of contact area each

having a different barrier height). Bardeen [21] suggested that the

variation of the barrier height, may be due to patch fields. He

concluded that, if the barrier is non-uniform over the contact area,

so that the current flows through low-resistance patches, the

equivalent circuit may consist of a number of circuits like that in

Fig. 6 in parallel, and not a single circuit as generally suggested.

However, it should be remarked that in actual Schotty diodes, the

variations of the barrier height over contact area could arise as a

result of: 1) other inhomogeneities in the interfacial oxide layer

composition; 2) non-uniformity of the interfacial layer thickness; and

3) distribution of the interfacial charges.

Henisch [5] has suggested that the fluctuation of the barrier height

is unavoidable, since it tends to be found even in the most carefully

prepared system. Therefore, the question as to whether the barrier

height is a two barrier (as suggested by many authors, see above

refs,), continuous or discrete varying model 'is yet to be resolved. In

view of this difficulty, a further experimental measurement of barrier

height was undertaken using Richardson's plot (i.e., activation energy

plot).

3. Activation energy plot I-V-T measurements

The experimental set up is similar to I-V measurements done earlier.

The principal advantage of Schottky barrier determination by means of

an activation energy measurements is that no assumption of

electrically active area is required, unlike the earlier two methods

(i.e., I-V and C-V measurements).

Using the I-V-T measurements, the saturation current at various fixed

bias for different temperatures can be extracted. Eqn. (3) can be

rearranged to become:

Eqn. (14)

where e(* - V ) is the activation energy for the temperature range
B App-

20°C - 200oC, and V is the applied voltage.
App.

A Richardson's plot of 7n(Is/T
z) versus t/T is shown in Fig. 7 for

10



M d M (!«*»»)» t1 ttN
of V (i.e., V

App. *pp

± O V , V D O a n d V ) . H e n c e ,
KD r H

three sets

according to the thermionic-emission theory and hence Eqn. (12), the

slope of the above plots should give a straight line yielding a single

barrier height at each applied voltage. Unlike the reverse bias curves

(Fig. 7(b)) and forward bias curves (Fig. 7(c)) which both yielded

straight line plots, the curve for VA = ± OV which was supposed to

give a zero bias barrier height, didn't. Instead, the measured data

for zero bias appear to fit different barrier height ranging from

0.482eV to 1.0766^ [ i.e., after taking care of the image-force

barrier lowering correction i*(V) = 0.028ef (see Fig. 7(a))] as

opposed to single straight line as predicted by thermionic-emission

theory. Chin et al. [19] observed a similar effect (though opposite)

for their I-V-T plot, which they too, attributed to multiple barrier

behaviour/concept. The concept and controversy of a distribution of barrier height is

not new [22].

This observed variation of barrier height with temperature charge

supports the multiple barrier concept observed earlier in C-V and I-V

measurements, however, one should be cautious in coming to this

conclusion, since other current mechanisms such as

thermionic-field-emission, recombination, minority injection etc,

could contribute to the total current [11], Hence, one must undertake

a systematic approach to determine if any or combination of these

effects are significant for the Schottky barrier model concept.

Otherwise it appears more realistic to introduce a distribution for

the barrier height instead of only two different barrier height

values, in the models for any theoretical analysis.

4. Comparison of dynamic and static behaviour of a Schottky diode

Finally, a comparison between dynamic (pulsed) and static I-V

11

characteristics of a Schottky diode were undertaken. The experimental

set up for the dynamic I-V characteristics was similar to the static

I-V measurement done earlier in section 2.2, but pulsed at 8.8KHz (see

also ref. 23). Fig. 8 shows the comparison between the static

characteristics and dynamic characteristics. Using the average value

of n - the ideality factor found earlier from the static I-V

measurements, the barrier height for the dynamic case was obtained.

Table 3 shows the comparison between the static barrier height (as

obtained earlier) and the dynamic barrier for temperature range

20°C - 200°C.

T(K)

293

323

373

423

473

*;latlc(v)

0.563

0.552

0.540

0.523

0.542

^ U l 3 e d ( v )

0.540

0.532

0.518

0.508

0.488

TABLE 3 Comparison of static and pulsed barrier heights

Fig. 9 shows a plot of both dynamic and static characteristics versus

temperature. Here too, the barrier height due to dynamic measurements

was found to be temperature dependent. However, pulsed barrier height

^pui.ed w a s fcMjnd t o aiwayS be less than the static barrier height

throughout the entire temperature range. Further, it was observed that

the dynamic (pulsed) characteristics have a lower turn-on voltage as

compared to static characteristics.

12



5, Conclusion

In conclusion, we would like to point out that the multiple barrier

concept is quite sound, however, a lot of theoretical work and further

research is still needed in future, for further proof.
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Fig. 6 Continued...
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List of symbols:

*B (= VB) = barrier height.

6 = ths depletion" width.

NB = the ionised impurity concentration,

c - the dieiectr'ic constant.

£ - the free sapce penmittivity.

e = the electron charge.

k = the Boltzmann constant.

v, = - kT/e = volatge intercept on the C-V plot

VF = the Fermi level potential.

4<t>(V) = the image force correction to the barrier height.

A* = the effective Richardson's constant for thermionic-emision.

n = the ideality factor.

A = the are of the diode.

Js =
 I

s
|/A - t n e saturation current density.

T = the absolute temperature.
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