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Abstract In this work, we have developed an approach for determining the electrical Fowler-Nordheim parameters such

as the barrier height (¢0 ), the correction term (AV ) relating to work-function differences between the oxide-facing

surfaces of the "metal" gate and the semiconductor, and to any band-bending effects as well as the series resistance (R). In

this method the barrier height has been extracted from both the classical parameters 4 and B in the case ¢0 B — ¢0 4 - The

correction term ( AV ) is considered as a parameter, not assumed or ignored. This method is proved to be useful and of a great

interest after being tested.
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1. Introduction

The elementary structure used in the majority of electronic
devices such as field effect transistors and EEPROM
memories is the metal-oxide-semiconductor (MOS)
structure[1]. A fundamental process in the description of the
current—voltage (/-V) characteristic of a metal - oxide -
semiconductor structure is the advent of Fowler —Nordheim
(F-N) tunneling[2]. The F-N formula has been widely used to
explain clearly the conduction behavior in the conventional
Si0, films[3].Values for Fowler—Nordheim (F-N)
tunnelling parameters, 4 and B, are important in the
simulation of circuits where floating-gate transistors
(FGMOS) are used, as they are related to artificial neural
networks, pattern recognition circuits, offset trimming[4, 5].
The parameter B is mainly sensitive to the oxide field.
Therefore, an accurate determination of the oxide field is
necessary for the accurate determination of the parameters
A and B. This will in turn give a correct value of barrier
height. This can be done by choosing a thick oxide, and
correcting the oxide voltage by the flat-band voltage[6].
The extraction of the F-N parameters is still under
discussion, contributing to the extraction of theoretical and
experimental parameters. Accurate knowledge of these
parameters is necessary to explain the conduction in the
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conventional SiO, films. According to the F-N model[7], the
current that flows through a thin dielectric layer when a
field F is applied reads:

I=S8J, =SAF" exp(—%) )

where S is the junction area, Jy is the average tunnelling
current density, 4 and B are parameters given by[2-14]

A :a/(rox¢0) (2)

B :b(rox 1/2 ¢03/2 (3)

where a[=1.5414 pA eV V2] and 5[=6.8309 eV *? V nm ']
are the Fowler-Nordheim Constants, ¢, is the energy

-barrier height for tunnelling from the cathode into the
oxide. Equations (2) and (3) can be inverted to give

Gy =al(r, A) e))

By =(B /b)Y r, " (5)

In the context of MOS-type structures, the oxide field F
is given by[8, 9]:

F=(V -AV -RI)/t, (6)

where 7,y is the oxide thickness, and V is the applied voltage
between the conducting contacts to the "semiconductor" and
to the "metal" (often really a n+ polysilicon) gate—taking the
"metal" as the voltage reference zero. AV s a correction
term relating to work-function differences between the
oxide-facing surfaces of the "metal" gate and the
semiconductor, and to any band-bending effects that may be
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present. R is the series resistance (in the electron path
between the contacts) that is due to effects other than
tunnelling.

In the literature, the "classical method" derives the barrier

height, ¢0 from the parameter B because the parameter B

is the dominant parameter determining the current flow in
the gate oxide.

However, it is known that the value of B extracted from a
F-N plot made in terms of the applied voltage V' (rather than
oxide field F) is affected by the values of the correction
term (AV ) (see Fig. 2) and by the series resistance (R)[8,
9]. Normally, the largest component in AJ for thick
oxides is the so-called "flat-band voltage" Vg, which
relates to the work-function differences between the
oxide-facing surfaces of the "gate" and the "substrate". This
flat-band voltage is determined by the band-structures of the
gate and substrate, and is influenced by the presence of
trapped charge. Generally, its value is extracted from
capacitance voltage (C—V) measurement and depends on the
manufacturing conditions of the device[15]. Accordingly,
any device has its own correction term (AV ).

In addition, the barrier height ( ¢0 4 ) extracted from the
parameter 4 is very discrepancy than the extracted from the
parameter B. A comparison between several values of @,
and ¢,, previously published is presented in Table 1. From

the listed values, the barrier heights (¢0A and @5 )
obtained for each device are significantly different.

Table 1.
previously published in the literature

Comparison between several values of ¢, and g

AWANYD  BNVAM)  rw @y V)  Pog (V)  Ref
1.07 2373 0.50 2.87 2.89 [12]
1.469 2014 035 2.99 3.01 (5]
0.448 258  0.50 6.87 3.06 (1]
0.0003 649 050  10266.66 121 [4]
0.178 238 050  17.03 2.89 [9]

In the literature, and when using the "classical method",
the correction term AV is often assumed or ignored during
the extraction of ¢0 B - Chiou[11] in his work, reported that
a difference of 0.95 V in Vg leads to the change of 25 % in
the parameter B. So, the value of ¢0 p has changed
drastically. This consistency issue raises serious question on

the validity of ¢o extracted using the "classical method".
In conclusion, the accurate knowledge of the value AV

and R is very important for determining the oxide field, and

hence the barrier height ¢0 . In this study, by taking into

account all the concerns mentioned above, we have proposed
a simple method for extracting the Fowler-Nordheim
parameters from I-V characteristic. This method uses both

parameters 4 and B at the same time and improves the
“classical method” which is based on the parameter B only.
In order to show the methodology of our proposed method,
we used experimental data published previously[8]. In this
experimental study, MOS capacitors with oxide thickness
f,w = 4.9 nm and square areas (S) ranging from 107 to
107 ecm’® were used. The substrate is p-type (100) Si with a
doping concentration of about 10'> ¢cm™. The oxidation was
carried out in a dry N,/O, atmosphere at 800°C. Poly-Si
gates 350 nm-thick were deposited by LPCVD and
subsequently n” doped by POCI; diffusion at 900°C.
Measurements were performed at room temperature and
dark conditions. Negative voltages were applied to the gate
with the substrate contact grounded (for more details see[8]).
The typical I-V characteristics for different gate areas
ranging from 107 to10~* cm? are shown in Fig. 1.

Model eq.(1)

Experimental data
o s=6.410° cm’
o $=3.210"cm’
% 5=2.310° cm’
v s=9.610° cm’

Current, I(A)
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Figure 1. Current—voltage characteristics (from reference[8]) for different
gate areas ranging from 10 to 10° cm?. The symbols correspond to the
experimental data whereas the solid lines correspond to the simulated I-V
curves using eq.(1) with our extracted parameters reported in the table 2

Fig. 2 shows the influence of the correction term A}V on
the F-N plot, and hence on the parameters 4 and B. However,
the linear relation in F-N plots is unaffected.
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Figure 2. The effect of uncertainty of the correction term AV  for the
gate area $=2.3x10” cm’® with R=883 Ohm



Microelectronics and Solid State Electronics 2013, 2(4): 59-64 61

2. Intersection Point Method (IPM)

This method is based on the Fowler-Nordheim plot. The
idea of this approach is very simple. For each given
resistance (R) we follow these two steps:

1- First, we vary the flat band voltage, then we extract the
two barrier heights @, and ¢0 4 from the parameters B
and A respectively by using a linear least-squares fitting
procedure of the transformed data (1/ F,Ln(I/SF 2)) .

The convergence of the first step of the program occurs when
the two barrier heights are equal (@, , = @, ). The simple

least squares regression model determines the straight line
that minimizes the sum of the square of the absolute errors. It
can be shown that this occurs when the slope B of the line
and A the y-axis intercept are given by[16]

: Z( (o, ) e, -x)

(7

A=y -Bx (8)

where x, )7 are the mean of the measured x and y data and

N is the number of data pairs (x;, y;). In our case Ln(I/SF?)
represents y axis and 1/F represents x axis.
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Figure 3. Intersection of the two curves of ¢0 A> ¢0 B against the

correction term ( AV ) at various resistances for the MOS structure area
$=9.6x10" cm’

Fig.3 shows the curves of ¢0A and @y, against the
correction term (AV ) at various resistances. The point of
intersection of the two curves gives the two initial

parameters ¢0 and AV in addition to the third initial
(input) parameter R.

It is clear from this figure that the values of ¢0 and AV
depend on the value of the resistance R. The barrier height,

¢0 g varies slightly and linearly with AV whereas the

barrier height ¢0 4 Vvaries rapidly. This result confirms that

the parameter B is predominant but is not sufficient to
determine the barrier height ¢0 . For this purpose, we need
the parameter 4 to determine the correct value of barrier

height @, . This occurs when the value of ¢0 A4 equals

¢OB .
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Figure 4. The sum of the quadratic relative errors against series resistance
for the MOS structure area S=9. 6x10~ cm?. The effective mass of the
electrons in the oxide has been assumed, m'= 0.5m

Experimental data I-V
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Figure 5. Algorithm for the determination of F-N parameters by the
intersection point method

2-Secondly, in order to determine the best parameters ( ¢o s

AV and R) which verify the best fit of the experimental
variables (I,V), we use the criterion (Sy) that presents the
quadratic relative errors and should be minimum (Fig. 4).
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This criterion was proposed for the first time by Osvald[17]
for extracting the Schottky diode parameters from forward
I-V characteristic.

2

< h h
S, =2((1; 1)1 ) o
o

exp ., . . Th .
where I/ i is the ith experimental value, 1 ; is the

fitting value of the current, i.e. given by solving the equation
(1) by using Newton's iteration method with the extracted

initial values (¢0 , AV and R) selected in the step 1. This
second step is not necessary for thick oxides because the

term “RI” in equation (6) can be ignored, as it is negligible
compared to (V' —AV) . Fig .5

methodology of F-N parameters
intersection point method.

The criterion Sz exhibits a minimum as a function of R,
as clearly shown in Fig. 4. In the particular case under
investigation (5=9.6x10° cm?), the minimum of Sy

summarizes the
extraction by the

corresponds to the extracted parameters: ¢0 = 3.228 eV,

AV =0.750 Vand R=991.85 Q.
The extracted parameters for all gate areas are presented in

Table 2 and plotted as a function of the gate area as shown in
Fig.6 and Fig.7.
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Table 2. Comparison between the parameters extracted by using our
method and the classical method for the experimental I-V data scanned from
reference[8]

. . Classical

Intersection Point Method Method

Area(cm?®)  6.4x10°  3.2x10*  2.3x10°  9.6x10°  9.6x107
A(LA/V2) 0976 0.972 0.960 0.955 0.178
B(Vmm)  27.17 27.26 27.79 28.01 23.80
dy (V)  3.158 3.170 3.211 3.228 2.895
AV (V) 0908 0.873 0.801 0.750 1.200
R(Q) 150.83 691.82 883.20 991.85 952.30

The values of barrier heights extracted by using our
method are close to the theoretical value 3.15 eV[10] and are
different from the extracted barrier height using the classical
method (2.89 eV). On the other hand, the values of
correction term AJ  are different from the assumed value
(1.2 V). If we accept that the intersection point method
gives the exact parameters, the uncertainties of 10%, 60%
and 4% in the barrier height, the correction term ( AV ) and
the series resistance, respectively are estimated by the
clagsical method for the MOS structure area $=9.6x107
cm”.

The barrier height ( ¢0 ) and the parameter B are slightly

increased with increasing the injection area, while the
parameter A and the correction term (A} ) are decreased
with increasing the injection area. Croci[l12] in his work
concluded that the gate geometry, the substrate (p or n)
doping type, the nature of the tunnel oxide and the gate

structure affect the F-N tunneling parameters (4, B, ¢0 ),
while this is not the case for the gate area.

By analyzing of the curves in the Fig.6 and Fig.7 we have
found that all the parameters (4, B, ¢0 and AV ) are

varied exponentially with MOS structure area according to
the following equation

y=y,exp(-S/a)+y, (10)
The exponential coefficient « in the eq.(10) is the
dominant parameter determining the evolution of the all

parameters (4, B, ¢0 and AV ). For the parameters A, B

and ¢0 the coefficient « equals 1.57x10° cm? while for

the parameter AV equals 1.96x10° cm® The parameter
AV dependence on the gate area (decreases with increasing
the gate area) can be probably explained by the trapped
charge density that decreases with increasing the gate area.
In turn, this trapped charge can be the origin of the

increasing of the barrier height (¢0 ) because the
exponential coefficients « for both parameters A} and

¢0 are approximated.

3. Conclusions

In conclusion, a simple method for extracting the three
Fowler—Nordheim tunneling parameters using [-V
characteristic parameters MOS device: the barrier height

( ¢0 ), the correction term ( AV ) and the series resistance (R)

has been presented. Our method called Intersection Point
Method (IPM) is based on the Fowler—Nordheim plot with

the condition ¢OB = ¢0 q -

extract the correction term ( AV ) due to the flatband voltage
and potential drops at the electrodes by using
current—voltage (/-V) characteristics and not assumed or
ignored. Determining the correction term and the series
resistance leads to know with accurate the oxide electrical
field value.

This method allows us to

REFERENCES

[1] A. Concannon, A. S. Keeney, A. Mathewson, C. Lombardi,
“Two-Dim  Dimensional =~ Numerical  Analysis  of
Floating-Gate EEPROM Devices”, IEEE Trans.Electron.
Dev., vol. 40, pp. 1258-1262, Jul. 1993.

[2] R.K. Chanana, K. McDonald K, M. Di Ventra, S.T.
Pantelides, L.C. Feldman,G.Y. Chung, C.C. Tin, J.R.
Williams,R.A. Weller, “Fowler-Nordheim hole tunneling in
p-SiC/SiO, structures”, Appl. Phy. Lett., vol. 77, pp.
2560-2562, Oct. 2000.

[3] B.L. Yang, P.T. Lai, H. Wong, “Conduction mechanisms in
MOS gate dielectric films”, Microelectron. Reliability, vol.
44, pp. 709-715, May 2004.

[4] G. Casados-Cruz, M. A. Reyes-Barranca, J. A.
Moreno-Cadenas, “A simple method for determination of
Fowler—Nordheim tunnelling parameters”, Int. J. Electron.,
vol. 98, pp.655-666, May 2011.

[5] N. Harabech, R. Bouchakour, P. Canet, P. Pannier, J. P.
Sorbier, “Extraction of Fowler-Nordheim Parameters of thin
Si02  Oxide Film Including Polysilicon  Gate
Depletion :Validation with an EEPROM Memory Cell”,
Proceedings of IEEE International Symposium on Circuits
and Systems, pp. 441-444, May 2000.

[6] R. K. Chanana, “Determination of hole effective mass in
SiO2 and SiC conduction band offset using Fowler -
Nordheim tunneling characteristics acrossmetal-oxide-
semiconductor structures after applying oxide field
corrections” J. Appl. Phys., vol. 109, 104508(pp6), May
2011.

[71 M. Lenzlinger, E.H Snow, “Fowler-Nordheim Tunneling into
Thermally Grown SiO,” J. Appl. Phys., Vol. 40,(1969) , pp.
278-283, 1969.

[8] E. Miranda, F. Palumbo, “Analytic expression for the
Fowler—Nordheim V-I characteristic including the series
resistance effect” Solid State Electron., vol. 61, pp. 93-95,
Jul. 2011.

[9] E. Miranda, “Method for extracting series resistance in MOS
devices using Fowler- Nordheim plot”, Eectron. Lett., vol. 40,
(2004), pp. 1153-1154, Sep. 2004.



64

(1]

[12]

[13]

A. Latreche:

An Accurate Method for Extracting the Three Fowler- Nordheim

Tunnelling Parameters Using I-V Characteristic

H.F. Li, S. Dimitrijev, D. Sweatman, H. B. Harrison,
“Analysis of Fowler-Nordheim injection in NO nitride gate
oxide grown on n-type 4H-SiC” Microelectron. Reliability,
vol. 40, pp. 283-286, Feb. 2000.

Y. L. Chiou, J. P. Gambino, M. Mohammad, “Determination
of the Fowler-Nordheim tunnelling parameters from the
Fowler- Nordheim plot”, Solid-State Electron., vol. 45, pp.
1787-1791, Oct. 2001.

S. Croci, J. Plossu, B. Balland, C. Raynaud, P.H. Boivin,
“Effects of Some Technological Parameters on Fowler-
Nordheim Injection Through Tunnel Oxides for Nonvolatile
Memories” J. Non-Cryst. Solids, vol. 280, pp. 202-210, Feb.
2001.

R. Perera, A. Ikeda, R. Hattori, Y. Kuroki, “Trap assisted
leakage current conduction in thin silicon oxynitride films
grown by rapid thermal oxidation combined microwave
excited plasma nitridation”, Microelectron. Eng. Vol. 65, pp.

[14]

[15]

[16]

[17]

357-370, May 2003.

M. Le-Huu, H. Schmitt, S. Noll, M. Grieb, F. F. Schrey, A. J.
Bauer, L. Lothar Frey, H. Ryssel, “Investigation of the
reliability of 4H-SiC MOS devices for high temperature
applications” Microelectron. Reliability, vol. 51, pp.
1346-1350, Aug. 2011.

X. Zeng, P. T. Lai, W. T. Ng, “ A novel technique of N,O-
treatement on NH;-Nitrided oxide as gate dielectric for
nMOS transistors”, IEEE Trans. Electron. Dev., vol. 43, pp.
1907-1913, Nov. 1996.

N. Draper and H. Smith: “Applied Regression Analysis”, 2nd
edition, JohnWiley & sons:, Inc., USA, 1981.

J. Osvald, E. Dobrocka, “Generalized approach to the
parameter extraction from I-V characteristics of Schottky
diodes”, Semicond. Sci. Technol., vol. 11, pp. 1198-1202,
Aug. 1996.



