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A novel physical parameter extraction approach
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Parameter extraction is an important step for circuit simulation methods that are based on physical models of semicon-
ductor devices. A novel physical parameter extraction approach for Schottky diodes is proposed in this paper. By employing
a set of analytical formulas, this approach extracts all of the necessary physical parameters of the diode chip in a unique
way. It then extracts the package parasitic parameters with a curve-fitting method. To validate the proposed approach, a
model HSMS-282¢ commercial Schottky diode is taken as an example. Its physical parameters are extracted and used to
simulate the diode’s electrical characteristics. The simulated results based on the extracted parameters are compared with
the measurements and a good agreement is obtained, which verifies the feasibility and accuracy of the proposed approach.
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1. Introduction

simulation['-0]

The physical-model-based possesses
some advantages when compared to the widely used
equivalent-model-based simulation; for example, it is natu-
rally able to accurately simulate semiconductor devices and
circuits under various conditions, especially at high frequen-
cies or with a large signal input, and it reveals useful physical
mechanisms. In our previous work,>® a novel physical-
model-based simulation approach was proposed. Although the
physical parameters of the semiconductor devices are needed
for the physical-model-based simulation, they are not usually
provided by the manufacturers. Hence, parameter extraction
for the physical model of semiconductor devices is a primary
and important task.

Currently, most research regarding the parameter extrac-
tion of semiconductor devices concerns the equivalent-circuit
models. Few studies focus on the parameter extraction for the
physical models of semiconductor devices. One widely used
method to extract the physical parameters is the curve-fitting
method, which obtains the parameters by fitting the simulated
data to the measured data.!>”1 However, this method is usu-
ally time-consuming. Moreover, it has a defect, as noted in
Ref. [8], in that erroneous results may be obtained if too many
dependent physical parameters are determined simultaneously.
In other words, the parameters extracted by the curve fitting
method may not be unique.

Another effective extraction method is the analytical
method, which utilizes formulas that describe the relationship
between the device’s physical parameters and its electric char-
acteristics to perform the extraction. For example, a formula
to extract the doping profile of metal-oxide—semiconductor
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(MOS) devices from their capacitance—voltage (C-V) char-
acteristics was derived in Ref. [9]. Some formulas derived
from the current—voltage relationship of Schottky diodes have
been exploited to calculate their saturation current and barrier
height.['%1!] However, nearly all of the previous work em-
ployed analytical formulas for extracting only one or several
physical parameters of the corresponding devices. Moreover,
they seldom considered the parasitic parameters of the semi-

[10-141 Tn fact, the parasitic param-

conductor device packages.
eters of the package may significantly affect a device’s per-
formance, especially at high frequencies. Importantly, the ex-
tracted parameters of a semiconductor device may be inaccu-
rate if the packages’ parasitic parameters are neglected. The
degree of this inaccuracy will be estimated later. Hence, for
the physical-model-based simulation, a parameter extraction
method that can effectively and uniquely extract all the nec-
essary physical parameters, including both the device chip pa-
rameters and the package parasitic parameters, is quite desir-
able.

In this paper, we present a straightforward step-by-step
parameter extraction procedure for Schottky diodes. It uses a
set of analytical formulas to uniquely extract the diode chip
physical parameters, and then extracts the package parasitic
parameters using a curve-fitting method. The remainder of this
paper is organized as follows. The physical model and param-
eters of the Schottky diode are introduced in Section 2, and the
proposed approach is presented in Section 3. Then, in Section
4, a model HSMS-282c commercial Schottky diode is taken
as an example to validate the proposed approach. Finally, the
conclusions are drawn in Section 5.
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2. A physical model and the parameters of
Schottky diodes

As illustrated in Fig. 1(a), a Schottky diode chip mainly
consists of two regions: the first is the epitaxial layer with
doping concentration Np and thickness W; and the second is
the highly doped substrate, which can be treated as a resis-
tor with a low resistance. On top of the epitaxial layer there
is a Schottky contact with barrier height ®g and metal work
function @y;. The effective area of the diode is denoted by A.
As shown in Fig. 1(b), the package parasitics of the Schottky
diode can be modeled by an equivalent circuit in which the
Schottky diode chip D is connected to three lumped elements,
where L is the lead inductance, Ly is the bond wire induc-
tance, and Cp is the package capacitance.!”!

Schottky contact

Ry

A
[E—
Np W Cp
epitaxial layer |y —O
a Ly
N+ substrate
Lw D

Ohmic contact
(a) (b)

Fig. 1. The physical parameters of a Schottky diode: (a) diode chip
physical parameters, and (b) package parasitic parameters.

3. Parameter extraction procedure

The proposed approach includes the following six steps to
extract the Schottky diode’s physical parameters. For clarifica-
tion, this section takes the silicon Schottky diode HSMS-282¢
as an example. It is worth noting that the parameter extraction
procedure is suitable for all types of semiconductor materials.

3.1. Step 1: The saturation current and ideality factor

The current—voltage relation of a Schottky diode is given
byl16J

I = AA*TZefqdﬁs/kT(eq(VfIrs)/nkT o 1)
= IS(e([(V*IVS)/nkT_l)7 (1)

where Ig is the saturation current, A is the diode area, A* is
Richardson’s constant, T is the temperature, ¢ is the electron
charge, ®p is the barrier height, k is Boltzmann’s constant, V
is the applied voltage across the Schottky diode,  is the series
resistance, and n is the ideality factor.

The threshold voltage of a diode is the minimum forward
voltage across the terminals of the diode at which the diode
starts to conduct a current. Let V4, denote the threshold volt-
age of a Schottky diode. When V < Vj,, the series resistance
rs can be neglected due to the high resistivity of the Schottky
barrier, thus equation (1) can be expressed as

I=1Is qu/nkT(l _ e—qV/kT). )

A detailed theoretical derivation for Eq. (2) is given in
Ref. [17]. After measuring the /-V characteristic of a Schot-
tky diode, the plot of log[I/(1 — e~4"/¥T)] versus V can be
drawn. This plot is linear, as shown in Fig. 2, for the HSMS-
282c Schottky diode. As illustrated in the figure, the satura-
tion current /g is determined by extrapolating the linear curve
to V =0, and the ideality factor # is calculated from the slope
of the curve by

n=q/mkT In(10), 3)

where m is the slope of the linear curve.

For the HSMS-282¢ Schottky diode, the saturation cur-
rent I and ideality factor n are calculated to be 0.139 nA and
1.06, respectively.

—o— measured
----- extrapolation curve
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|
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Fig. 2. Current—voltage characteristic of the HSMS-282c Schottky
diode measured at room temperature (300 K).

3.2. Step 2: The Schottky barrier height

If V < Vi and V > kT /g, then equation (1) can be ap-
proximated by!!”!

In(1/7?) = In(AA") - (g — V /n)/KT. @

For a constant forward bias voltage V|, the diode current
will change with the temperature. Thus, the /-T characteris-
tic of a Schottky diode can be measured at a constant forward
bias voltage. Then, a plot of In(//T?) versus 1/T, which is
commonly called the Richardson plot, can be created. It has a
slope of —q(®p — V1 /n)/k, as indicated in Eq. (4). The barrier
height is then given by

Vi kd[In(1/T?
=y [d((l//T) .

For the HSMS-282c¢ Schottky diode, the I-T characteris-

tic (see Fig. 3) is measured at a forward voltage of 0.2 V for the

&)

temperature range of 293-453 K. Here, V| = 0.2 V is chosen
because it is smaller than V4, (approximately 0.3 V) and much
larger than kT /q in the temperature range of 293453 K. With
the ideality factor n obtained in Step 1, the barrier height can
be calculated using Eq. (5). The calculated barrier height Pg
is 0.629 V for the HSMS-282c¢ diode.
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Fig. 3. Richardson plot of the HSMS-282c¢ Schottky diode measured at
a forward voltage of 0.2 V for the temperature range of 293-453 K.

3.3. Step 3: The metal work function and Schottky contact
area

The metal work function of a Schottky contact can be de-
termined by

Py =P+ 1, (6)

where ¥ is the electron affinity of the semiconductor. For the
HSMS-282c¢ silicon Schottky diode, y is 4.05 V,!'%! and thus
Dy is 4.679 V.

From Egq. (1), it is known that

Is = AA*T? e 9%8/KT (7

Here, the Richardson’s constant A* is chosen to be
110 A-K~2.cm~2 for the silicon. The contact area A can be
obtained from Eq. (7) because all of the other parameters are
known. The area A is 6x 107> cm? for the HSMS-282¢ Schot-

tky diode.

3.4. Step 4: The built-in potential, Schottky diode zero-
bias junction capacitance, and package capacitance

The total capacitance of a reverse-bias Schottky diode is

given by!!8]

v o\ 05
Ciot CJo(l - cbm) +Cp, (®)

where Cyy is the total capacitance, Cyg is the zero-bias junc-
tion capacitance, Ppgy is the built-in potential, and Cp is the
parasitic capacitance.
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Fig. 4. Total capacitance of the HSMS-282c Schottky diode versus the
reverse-bias voltage.

Figure 4 shows the total capacitance, which is obtained
from the C—V measurement,!'?! for the HSMS-282c Schottky
diode. The three parameters, Cjo, Ppy, and Cp, can be deter-
mined from Eq. (8) with three different sets of Ci,—V values.
The extracted values are Cyy = 0.65 pF, &g = 0.56 V, and
Cp =0.16 pF.

3.5. Step 5: The doping concentration and thickness of the
epitaxial layer

The zero-bias junction capacitance is given by!!7-20]
q€ND
Co=A ; )
2P
and
Cio=€A/W, (10)

where € is the dielectric constant of the semiconductor, Np
is the doping concentration of the epitaxial layer, and W is
the thickness of the epitaxial layer. The doping concentra-
tion and the thickness of the epitaxial layer are, therefore,
obtained by solving Eqgs. (9) and (10), respectively. For the
HSMS-282c device, & is 11.7, thus, the extracted parameters
are Np = 7.9 x 10" cm ™3 and W = 0.96 um.

3.6. Step 6: The parasitic inductances

Until now, all of the physical parameters listed in Sec-
tion 2 have been obtained, except for the parasitic inductances
Ly, and Lw. In this step, these two parameters are extracted
from the S parameters of a two-port microstrip circuit, which
is illustrated in Fig. 5. Figure 5(a) is a schematic diagram of
the circuit, and figure 5(b) is a fabricated circuit. By fitting
the simulated parameters |S;;| and |Sy;| of this circuit to the
measured data, the parasitic inductances are obtained.

To simplify the calculation and reduce the calculation
time, the simulation of the S parameters is performed using a
small signal model instead of the physical model of the Schot-
tky diode. The small signal model (see Fig. 6) is a linear equiv-
alent circuit model, which is used to describe the diode’s linear
electrical behavior in the S-parameter simulation.

In this small signal model, the zero-bias junction capac-
itance Cjy and the package capacitance Cp are those obtained
in Step 4, the series resistance Rg can be extracted using the
power exponent method, and then the parasitic inductances Ly,
and Ly are extracted from the two-port S-parameter data using
a curve-fitting method.

The power exponent parameter ¢ is defined as/?!)

d(InJ)

o= . 11

d(InV) an

The series resistance Rg is calculated by

1 Vi

Rs=—— 12

S ar%l Im ) ( )
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where o, is the maximum value of «a; and V,, and I, are the
corresponding bias voltage and current. The o—V characteris-
tic of the HSMS-282c diode is shown in Fig. 7, and the calcu-
lated series resistance is 7.85 Q.

port 1 port 2
< N\ W2
Ny
o N e
[ wy |

Fig. 5. (a) Schematic diagram of a two-port microstrip circuit. (b) Photo
of the fabricated circuit for extracting the parasitic inductances of the
HSMS-282¢ Schottky diode. (Physical dimensions: w; = 31.1 mm,
wy =2.75 mm, w3 = 1.1 mm, and 2 = 1 mm. Relative permittivity of
substrate: & = 2.55).

|LCr
I
Ly, Ry Cj Lw

Fig. 6. Small signal model of a Schottky diode.

‘/[[l I
0 0.5 1.0 1.5
Applied voltage/V

Fig. 7. Power exponent of the HSMS-282c¢ Schottky diode versus the
applied voltage.

Figure 8 shows the measured and fitted S parameters for
the HSMS-282c diode. The extraction results are as follows:
the lead inductance Li, is 0.79 nH, and the bond wire induc-
tance Ly is 1.07 nH.

All of the physical parameters have been extracted thor-
oughly, including both the diode chip physical parameters
and the package parasitic parameters. Table 1 lists the ex-
tracted physical parameters, of the HSMS-282c Schottky

diode, which are necessary for the physical-model-based sim-
ulation. As can be seen, the package capacitance is approxi-
mately 0.16 pF, which is as much as 20% of the total capac-
itance (see Fig. 4) at zero bias. If the package capacitance is
neglected and the total capacitance is mistakenly regarded as
the junction capacitance in the parameter extraction then, as in
some previous work,??! significant errors may be introduced
into the extraction results.

0F -0

m —10- - —10 mq
o o 1 o
>~ - - =~
N 9ot 4-20 2

-_ — measured _-

L - — — fitted |

—30r | | 1730
0 2 4 6
Frequency/GHz

Fig. 8. Measured and fitted S parameters of the fabricated microstrip
circuit.

Table 1. Extracted physical parameters.

Parameter Value Parameter Value
Ly 0.79 nH Dy 4.679V
Ly 1.07 nH Np 7.9x10% cm=3
Cp 0.16 pF Lg 0.96 um
Dy 0.629 V A 6x1073 cm?

4. Validation of the proposed approach

To validate the proposed extraction approach for Schot-
tky diodes, the extracted results of the HSMS-282c¢ diode are
used to simulate the direct-current (dc), alternating-current
(ac), and high frequency characteristics of this diode using the
physical-model-based simulation approach that we have pre-
viously proposed,>® and the simulation results are compared
with the measured data.

measured
0.06-  --e-- simulated
< L
~
=t
£ 0.03F
3
O L
T 1 1 "I 1 HSIMS—2§20
0 02 04 06 08 10
Voltage/V

Fig. 9. Comparison of the simulated and measured static characteristics
of an HSMS-282c¢ Schottky diode. The inset shows the dc circuit.

4.1. DC characteristics

The inset of Fig. 9 shows a dc circuit that is comprised
of a dc source, a 100 Q resistance, and an HSMS-282c¢ diode.
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As illustrated in Fig. 9, the agreement between the simulated
(dotted line) I-V characteristic based on the extracted param-
eters and the measured (solid line) static characteristic is quite
satisfying.

4.2. AC characteristics

Figure 10(a) shows a low frequency circuit consisting of
an HSMS-282c¢ diode, an ac source with voltage amplitude
Us =1V, and a resistor R = 1 kQ. Its ac characteristic at
frequency f = 500 kHz is simulated, and the result is com-
pared with the measurement using a Tektronix TDS1012 os-
cilloscope. Figure 10(b) shows the comparison of the simu-
lated (dashed line) and measured (solid line) voltages across
the HSMS-282c diode. As illustrated in the figure, the simu-
lated result agrees well with the measured result, except that
the measured result contains some noise.

(a) R =1000 Q
Us=1V
=500 kHz SZ HSMS-282¢
—— measured
051 (&) — — — simulated
i \
< \ \
&
:6 -
=
S _ L
2 0.5
—-1.0+
I . | ) .
0 2 4

Time/us

Fig. 10. (a) Circuit for the ac characteristics. (b) Comparison of the
simulated and measured terminal voltages of an HSMS-282¢ Schottky
diode.

4.3. High frequency characteristics

The high frequency characteristics of a two-port mi-
crostrip circuit (see Fig. 5) are also analyzed. The transmitted
and reflected voltages of this microstrip circuit are simulated
for a source signal with a frequency of 2.45 GHz and a power
of 20 dBm incident on port 1 and they are then compared with
the measured data, which are obtained by an Agilent high per-
formance oscilloscope DSA91204A. Figures 11(a) and 11(b)
show that the simulated and measured results agree very well,
and both indicate that the voltage waveforms are no longer sine
waves. This characteristic is due to the dc and harmonic com-
ponents of the transmitted and reflected voltage waves caused
by the nonlinear characteristic of the Schottky diode. Fig-
ure 12 gives the simulated spectrum from a Fourier transform
and the corresponding measured spectrum for the reflected and
transmitted voltage waves. A good agreement can be observed
between the simulated and the measured data.

measured

- & - simulated

Voltage/V

0 0.2 0.4 0.6 0.8
Time/ns

measured
- © - simulated

31 (b)

Voltage/V

0.4 0.6 0.8
Time/ns

Fig. 11. Port voltages of the two port microstrip circuit: (a) reflected
wave on port 1, (b) transmitted wave on port 2.
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Fig. 12. (a) Spectrum of the reflected wave on port 1. (b) Spectrum of
the transmitted wave on port 2.

5. Conclusions

In this study, a novel extraction approach for obtaining
the physical parameters of Schottky diodes is presented. This
approach extracts the parameters in a step-by-step manner us-
ing a set of analytical formulas together with a curve fitting
method.

As an example, the physical parameters of a model
HSMS-282c Schottky diode are extracted. Then, the extracted
parameters are utilized in the physical-model-based simulation
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to obtain the electrical characteristics of circuits containing the
Schottky diode, including the dc, ac, and high frequency char-
acteristics. The simulation results are highly consistent with
the experimental results, which demonstrates the accuracy of
the extracted results.

With a further increase in computing power, the physical-
model-based simulation will be increasingly attractive to cir-

cuit engineers. In the future, more extraction procedures

should be proposed for different types of semiconductor de-
vices to obtain their physical parameters.
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