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Forward gated-diode method for parameter extraction of MOSFETs�
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Abstract: The forward gated-diode method is used to extract the dielectric oxide thickness and body doping con-
centration of MOSFETs, especially when both of the variables are unknown previously. First, the dielectric oxide
thickness and the body doping concentration as a function of forward gated-diode peak recombination–generation
(R–G) current are derived from the device physics. Then the peak R–G current characteristics of the MOSFETs
with different dielectric oxide thicknesses and body doping concentrations are simulated with ISE-Dessis for para-
meter extraction. The results from the simulation data demonstrate excellent agreement with those extracted from
the forward gated-diode method.
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1. Introduction

With the aggressively scaling down of MOSFETs to sub-
0.1 micrometers, interface states and gate oxide traps have be-
come significant reliability concerns during measurement and
parameter extractionŒ1�7�. Except for interface state analysis,
device parameter extraction is another key issue for indus-
try since most parameters are hardly measured directlyŒ8�13�.
Thus, methods for extracting parameters such as dielectric
oxide thickness and body doping concentration are urgently
needed. However, fewer parameter extraction methods are in-
troduced to extract device parameters correctly with the serious
impact of the interface states.

Recently, a sensitive and accurate forward gated-diode
method has been used to characterize the interface traps and
extract the bulk carrier recombination lifetime in the MOSFET
devices by measuring the R–G currentŒ14; 15�. In this article,
this method is further introduced to extract parameters such
as the dielectric thickness and the doping concentration of the
MOSFET devices, and the results show excellent agreement
with the ISE-Dessis simulation.

2. MOSFETs’ parameter extraction using the
forward gated-diode method

Based on the Shockley–Read–Hall recombination theory,
the recombination rate R is obtained as
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where n is the density of electrons at the front surface, ni is
the intrinsic silicon carrier concentration, Vbs is the substrate
voltage, and �n and �p are lifetime of the electrons and holes,
respectively.

To find out the maximum Rmax, dR/dn = 0 is solved by
supposing �n D �p D � .

n D p D ni exp
qVbs

2kT
: (2)

Equation (2) indicates that n equals p when the R–G cur-
rent reaches the peak.

The schematic view of the MOSFET device used in this
study is shown in Fig. 1 and the parameters of the device are
shown in Table 1. The substrate is biased at a low, positive volt-
age, which is appropriate Vbs D 0:3 V. The drain and source
are grounded and the gate bias is swept from –0.6 to –0.1 V.
The drain and the substrate are formed as a diode, which is
controlled by the gate.
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Fig. 1. Schematic structure of the MOSFET biased as a forward gate-
diode device.

Fig. 2. Id–Vg curves. (a) Drain current and the drain current without
R–G current. (b) Surface R–G current while scanning the gate voltage.

Table 1. Parameters of the device.
Parameter Length of

channel
Width of
channel

NC=PC doping

Value 1.4 �m 1 �m 1� 1020 cm�3

When the gate voltage varies from –0.6 to –0.1 V, the front
surface shifts from accumulation to depletion, and the surface
R–G current covers a high percentage of the drain current, over
98% in the peak current, which is shown in Fig. 2(a). The max-
imum R–G current appears when the intrinsic Fermi level con-
sists with themiddle of the two quasi Fermi levels at the surface
of the silicon/oxide. The shift of the peak R–G current with dif-
ferent Vbs simulated by ISE is shown in Fig. 2(b).

Under the condition of the maximum recombination rate,
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Fig. 3. Energy band of the MOSFET when applying Vbs.

substrate voltage Vbs is supplied which is separated the quasi
Fermi energy level of the electron and hole. The band diagram
in the substrate is shown in Fig. 3. The intrinsic Fermi level is
supposed just in the middle of the two quasi Fermi levels at the
surface of Si/Oxide. The surface potential is obtained as

Vs D �F � Vbs=2: (3)

Here, �F is the Fermi energy and Vs is the surface poten-
tial. The relationship between the gate voltage and the surface
potential is written as

Vgs D VFB C Vs C B
p

Vs C Vbs; (4)

where B is the body effect coefficient and VFB is the flat band
voltage and is equated as VFB D �MS � Qox=Cox, �MS is the
difference of the work function between the N type polysilicon
and the silicon. �MS D �0:55 � �F. Qox is the fixed charge in
the gate silicon region. In this experiment, the variable is set to
zero.

Combining Eqs. (3) and (4), the gate voltage correspond-
ing to the maximum R–G current is

Vpeak D �0:55 C
Vbs

2
C B

p
�F � Vbs=2: (5)

In Eq. (5), �F D .kT=q/ln.NA=ni/ and B D

Tox.2"0"SiqNA/0:5="0"SiO2 , where NA is the body doping con-
centration, Tox is the dielectric oxide thickness, k is the Boltz-
mann constant, T is the room temperature, and q is the electron
charge. Therefore, the relationship between body doping con-
centration and dielectric oxide thickness is found via Eq. (5).

In the simulation, Tox is obtained by the following equation
based on Eq. (5) with known NA,

Tox D
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; (6)

where �F D .kT=q/ln(NA=ni/, that is to say, as far as Vpeak is
obtained, the dielectric oxide thickness is extracted.

For another condition, the body doping concentration NA
is also obtained by knowing Tox previously. Although there is
no simple expression for NA, it is observed that Equation (7) is
monotonous with the NA variable,
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Fig. 4. Tox extraction with different doping concentrations.

Fig. 5. NA extraction with different dielectric oxide thicknesses.
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Fig. 6. NA and Tox extraction with different Tox, when both variables
are unknown.

Therefore, a unique NA is determined when Tox is fixed.
A binary-search method is applied to extract the body doping
concentration.

When both the body doping concentration and the dielec-
tric thickness are unknown, two different Vpeak are obtained un-
der different Vbs, as is shown in Eqs. (8) and (9).

Vpeak1 D �0:55 C
Vbs1

2
C B

p
�F � Vbs1=2; (8)

Vpeak2 D �0:55 C
Vbs2

2
C B

p
�F � Vbs2=2: (9)

Thus

NA D ni exp
�

q

kT

A2Vbs2 � Vbs1

2.A2 � 1/

�
; (10)

where A D .Vpeak1 C 0:55 � Vbs1=2/=.Vpeak2 C 0:55 � Vbs2=2/.
As long as NA is obtained, Tox is obtained via Eq. (6).

3. Results and discussion

The results obtained by Eq. (6) and ISE simulation are
compared in Fig. 4. Tox is extracted with body doping concen-
trations varying from 8 � 1016 to 1:2 � 1017 cm�3, which are
all around 1�1017 cm�3. In Fig. 4, the hollow-circle indicates
the Tox extracted from the simulation data using Eq. (6) with
given body doping concentration and the square means the Tox
applied to the simulation. The results show that Tox calculated
using forward gated-diode exhibits good agreement with the
simulation under different concentrations and the deviation is
no more than 5%.

Figure 5 shows theNA extraction results via Eq. (7) by giv-
ing different dielectric oxide thicknesses. It is obvious that NA
extracted by using the forward gated-diode method matches
very well with the variable value applied to the simulation.

When both variables are unknown, these two variables are
still extracted via Eq. (10) and the results are shown in Figs. 6
and 7.

N
A
 (

1
0

1
7
 c

m
3
)

0.8

1.0

1.2

1.6

2.0

2.4

 Simulation

 Extraction

T
o
x
 (

n
m

)

T
ox

 = 2.0 nm

0.8                   1.0                    1.2

N
A
 (1017 cm 3)

Fig. 7. NA and Tox extraction with different NA, when both variables
are unknown.

4. Conclusion

The forward gated-diode method is used in this paper to
extract the dielectric thickness (Tox/ and doping concentration
(NA/ of MOSFETs. Based on device physics, both parameters
are expressed as the function of the peak forward gated-diode
R–G current. The results show good agreement with the ISE
simulation no matter whether the Tox and NA are given previ-
ously, which demonstrates the validity of the proposed method.
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