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Abstract: A novel simulation program with an integrated
circuit emphasis ( SPICE) model developed for trench-gate
metal-oxide-semiconductor field-effect transistor ( MOSFET)
devices is proposed. The drift region resistance was modeled
according to the physical characteristics and the specific
structure of the trench-gate MOSFET device. For the accurate
simulation of dynamic characteristics, three important
capacitances, gate-to-drain capacitance C,,, gate-to-source
capacitance C,, and drain-to-source capacitance C,, were
modeled, respectively, in the proposed model. Furthermore,
the self-heating effect, temperature effect and breakdown
characteristic were taken into account; the self-heating model
and breakdown model were built in the proposed model; and
the temperature parameters of the model were revised. The
proposed model is verified by experimental results, and the
errors between measured data and simulation results of the
novel model are less than 5% . Therefore, the model can give
an accurate description for both the static and dynamic
characteristics of the trench-gate MOSFET device.
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simulation program with integrated
drift region resistance

he trench-gate MOSFET is considered to be one of
T the most promising devices for power switching at
voltages up to 100 V due to its low on-resistance and low
gate charge''™ . Therefore, much attention has been fo-
cused on the development of the trench-gate MOS-
FET™™. With the wide application of the trench-gate
MOSFET device, an accurate and efficient SPICE model
of trench-gate MOSFET is urgently needed for the design
and simulation of power circuits.
Many studies about power MOSFET modeling have
been reported'®”’. These studies mainly focus on the
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modeling of double diffused MOSFET ( DMOSFET).
Since the gate of the trench-gate MOSFET extends into
the N-drift region, the parasitic JEFT region of the con-
ventional DMOSFET is eliminated. Therefore, the con-
ventional models of power DMOSFET cannot reflect the
drift region resistance of the trench-gate MOSFET and
they are also unsuitable for the trench-gate MOSFET.

In this paper, a novel SPICE model of trench-gate
MOSFET is proposed. In the static modeling section, the
effect of accumulation and depletion regimes upon drift re-
gion resistance was considered under different gates and
drain biases to model the drift region resistance accurately.

For the dynamic characteristics of trench-gate MOS-
FET, three important capacitances, drain-to-source ca-
pacitance C,, gate-to-source capacitance C_, and gate-
to-drain capacitance C,,, which have the significant
effects on transient characteristics, were modeled, respec-
tively. Besides, the self-heating effect and temperature
effect were taken into account. In order to evaluate the
reliability of the trench-gate MOSFET device, the break-
down voltage model was also included in the proposed

g’

model. According to the simulation results of the novel
model and measured data, the errors of all the validations
are less than 5% . Therefore, the proposed model gives a
good description for trench-gate MOSFET devices.

1 Device Characterization

Fig. 1 shows the schematic cross-section structure of the
trench-gate MOSFET. As shown in the figure, the trench
gate extends into the N — epitaxial layer, and as the gate
voltage is larger than the flat band voltage, the accumulation
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Fig.1 The schematic cross-section structure of the trench-gate
MOSFET



SPICE model of trench-gate MOSFET device

409

region is formed along with the trench wall within the
drift region. Furthermore, for different values of gate bi-
as, the bottom of the trench-gate edge operates in differ-
ent regimes, accumulation or depletion. However, the
drift region which is the closest to the drain terminal is
barely influenced by the variation of gate bias. According
to this feature, the drift region can be separated into two
parts: region A and region B. The resistance of region A
is dependent on the gate bias and drain bias, while the re-
sistance of region B is almost completely controlled by
the drain bias.

2 SPICE Model for Trench-Gate MOSFET
2.1 The static model of trench-gate MOSFET

The static part of the trench-gate MOSFET model is
shown in Fig. 2. The properties of the MOSFET core in
the trench-gate MOSFET structure are captured by using
the advanced low voltage model BSIM3v3, and the influ-
ences of region A and region B for static characteristic are
presented as two resistors, which are R, and R;. Besides,
the breakdown voltage model is built as a sub-circuit (the

diode D, in series with the controlled source E, ).
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Fig.2 The static model of trench-gate MOSFET

2.1.1

The simulations of technology computer aided design
(TCAD) reveal that, for lower V,, i.e. V, =2 VorV,
=4V, the current flow tends to stay away from the bot-
tom of the trench-gate edge, and the drift region near the

gate oxide operates in depletion regime' .

Drift region resistance model

For larger V,
cases, the current flow tends to spread to the bottom of
the trench-gate edge, gradually filling an otherwise deple-
ted region, and an accumulation region is formed around
the gate oxide within the drift region'”. Therefore, the
drift region can be partitioned into two sub-regions based
on the current flow path. In region A, a portion of the
current is confined to the accumulation layer at the trench
wall, whereas in region B, the current flows throughout
the total area.

According to the description above, the operating re-
gime of region A is significantly influenced by the varia-
tion of gate and drain biases. Furthermore, due to the
influence of the velocity saturation effect, the resistance

of region A increases with the increase of V,. On the
other hand, as the accumulation path beside the trench
wall is formed, the resistance of region A decreases with
the increase of V. as observed in the TCAD simulation
results in Fig. 3. Hence, the resistance of region A can
be modeled as

Ry =(ry+14,Vy +rdvdlv<zls)(] _rdvg(vgs +rdvgl)) (D)

where r, is the intrinsic resistance of region A; r,,, 74
are the impact factors of the velocity saturation effect;
and 1y, T4y are the parameters introduced by the form-
ing accumulation path.
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Fig.3 Drift region resistance of TCAD simulations

In addition, the electrical resistivity of region B de-
pends on its carrier mobility and doping concentration.
Furthermore, the carrier mobility of region B is influ-
enced by the vertical electric field, which is dependent on
V. therefore, the resistance of region B can be empiri-
cally modeled as

Ry=ry+r.Vs (2)

where r is the intrinsic resistance which depends on the
doping concentration of region B, and r , is the parame-
ter introduced by the carrier mobility variation caused by
the vertical electric field in region B.

By synthesizing Eqs. (1) and (2), the drift region re-
sistance R, can be written as

Ry =R, + Ry =
(rd + rdvd Vds + rdvdl Vis)(l - rdvg( Vgs + rdvgl)) + (rvd + rvdl Vds)
(3)
With the increase in temperature, the reduction of the
bulk mobility in the drift region results in the increase of

%) The variation of the drift region
resistance can be expressed as

drift region resistance

Ryin(T) =Ry (1 + T, (T -T)) +TC2(T_TO)2) 4

where T, is the linear temperature coefficient; T, is the
quadratic temperature coefficient for the drift region re-
sistance; T, is the room temperature; and 7 is the operat-
ing temperature.
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2.1.2 Breakdown voltage model

The breakdown characteristic of the trench-gate MOS-
FET device is important for its reliability. When the elec-
trical field in the impact ionization region is sufficiently
large, the channel current may increase significantly and
cause breakdown.

As shown in Fig. 2, when the drain-to-source voltage is
larger than the sum of the controlled source voltage and
threshold voltage of the diode, the diode is opened-up,
and then the current between drain and source becomes
large. Moreover, the impact ionization is heavily influ-
enced by temperature, and the breakdown voltage increa-
ses as the temperature increases''''. Therefore, the char-
acteristic of breakdown voltage V, can be expressed as

Vi pss(T) = Vt, poreak T Evreac (1) =
0.7 +k(1 +T(T-T,) +To,(T-T,%) (5)

where T, is the linear temperature coefficient; T, is the
quadratic temperature coefficient; and k is the multiplica-
tion factor.

2.2 Dynamic model of trench-gate MOSFET

As for the dynamic model of trench-gate MOSFET, we
introduce three important capacitances, C,,, C, and C.
The dynamic model of the trench-gate MOSFET is com-
pleted by modeling the three capacitances accurately.
2.2.1 Model of C,

As shown in Fig. 1, C, is mainly a depletion capaci-

tance which is made up of the vertical Pbody-Nepi junc-
12

tion' ', and the drain-to-source capacitance is written as
‘/dg *”l‘
CdS:CJO(l— ) (6)
Py

where C, is the zero-bias junction capacitance; p, is the
junction built-in potential; m, is the varying coefficient of
the junction capacitance. Therefore, as shown in Fig. 4,
the depletion capacitance of the body diode D, is used
to simulate C,,.
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Fig.4 Complete SPICE model of trench-gate MOSFET

2.2.2 Model of C,,
The miller capacitance C,, is one of the decisive factors

for the dynamic characteristics of the trench-gate MOS-
FET'"". As shown in Fig. 1, the miller capacitance C 2 18
the series combination of the gate oxide layer capacitance
at the trench bottom and the depletion capacitance of the
drift region. The depletion capacitance of the drift region
is present only if the drain voltage is larger than the gate
voltage. Moreover, the trench-gate oxide layer capaci-
tance at the trench bottom is the parallel combination of
the bottom oxide layer capacitance C, , and the trench
sidewall oxide layer capacitance C‘M”“. Therefore, the
Miller capacitance is presented as

1 1 1
ng Cox ¥ Cdep (7)
Cox = Cnx,b + Cox,s (8)
V . IYl‘
Cdcp = CJO( 1- f) (9)

where C,, is the trench bottom oxide capacitance; C,, is
the drift region depletion capacitance; V,,, is the potential
difference within the drift region.

The trench gate oxide capacitance can be seen as a con-
stant capacitance, therefore, it can be expressed as

8OX
C, =""W,L,

O3

(10)
where ¢, is the thickness of the gate oxide; &, is the per-
mittivity of SiO,; W, is the width of the oxide layer; and
L, is the length of the oxide layer.

According to the description above, the gate-to-drain
capacitance can be simulated by a simple macro circuit,
as shown in Fig. 4, The constant capacitance C, is used to
simulate the trench bottom oxide capacitance (the capaci-
tance C, is much larger than the barrier capacitance of di-
ode D,). As for the drift region depletion capacitance, it
is modeled by the barrier capacitance of diode D, .

2.2.3 Model of C_,
The capacitance C,, consists of the channel capacitance

and the overlap capacitance between gate and source. As
shown in Fig. 5 (extracted gate-to-source capacitance of
simulation results in TCAD), with the increase of Vs

C,. decreases first, then it increases nearly to a constant.

0 2 4 6 8 10

Fig.5 Gate-to-source capacitance under f=1 MHz and V, =0 V
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According to the characteristic shown in Fig. 5, the
gate-to-source capacitance C,, can be empirically modeled
as

(11)

ng :C,(l —exp( —M))

B

where C, is the zero-bias junction capacitance; «, B are
the fitting factors.

2.3 Self-heating model

The self-heating effect (SHE) represents the heating of
the device due to its internal power dissipation. The in-
crease of the internal temperature mainly affects the mob-
ility, the threshold voltage and velocity saturation in de-
") Fig. 6 shows the standard equivalent sub-circuit
used for the self-heating representation.

vices
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Fig.6 Standard equivalent sub-circuit of self-heating effect

Clearly, the self-heating effect is related to the heat
dissipation capacity of devices. The area and the width of
the device have a great effect on the thermal resistance
and thermal capacitance. Moreover, the thermal resist-
ance and thermal capacitance vary dynamically with the
device temperature. Therefore, the expressions of thermal
resistance and capacitance are written as

RTH = (RTHO +RTHWW+RTHLL -'-IeTHAWL)(1 + 0RTH(T_ TO))
(12)

CTH :(CTHO +CTHWW+CTHLL + CTHAM’)(]‘ +0CTH(T_TO))
(13)

where R, Cy are the intrinsic thermal resistance and
thermal capacitance, respectively; Ry, Rpg, Rpgs are
the thermal resistance fitting factors depending on length,
width and area, respectively; Cruw, Crpm, Crya are the
thermal capacitance fitting factors depending on length,
width and area; W, L are the width and length of device;
and Oy, Ocpy are the temperature fitting factors.

3 Parameters Extraction and Model Validation

This model is validated on the measured characteristics
of a 40 V trench-gate MOSFET device. The parameters
of the presented model are extracted with the model build-
ing software MBP for the later verifications of the model.
In order to verify the accuracy of our model under condi-
tions which are different from those used for parameter
curve fitting, the on-resistance characteristic and gate
charge characteristic of the model are validated by several
simple circuit simulations.

3.1 Parameters extraction
3.1.1

The static characteristics fitting results in MBP are
shown in Figs.7 to 9. The comparisons of measured I-V

Static characteristics

6001
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Fig.7 Typical output and transfer characteristic curves. (a)
Output under 7 =25 C with different gate-to-drain voltages; (b) Trans-
fer under V4, =10 V with different temperatures
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Fig.8 Typical breakdown characteristic curves under V,, =0 V
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Fig.9 Output characteristic curves with and without self-heat-
ing effect under V,, =4 V
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curves and the novel model are shown in Fig. 7. It is
clear that the presented model fits the measured data well.
The fitting results of breakdown characteristic with differ-
ent temperatures are shown in Fig. 8. In Fig. 9, the out-
put characteristic curves with and without self-heating
effect are fitted, respectively.

According to the presented curves, it is clear that the
proposed model well fits the measured data in all opera-
tion regimes at the wide temperature ranges.

3.1.2 Dynamic characteristic

The fitting results of the input capacitance C, (C,, =
C, +C,), output capacitance C, (C, =C,  +C,) and
transfer capacitance C,(C,, = C,,) are presented in Fig.
10, and it confirms that the presented model well fits the
measured C-V curves.

® Measured data

—— Novel model

Capacitance/ pF

15 20 25 30
V.V

(=)
Wk
—_
(=]

Fig. 10  Typical input capacitance, output capacitance and
transfer capacitance curves under f=1 MHz and V,, =0 V

According to the fitting /-V and C-V curves shown in
Fig.7 to Fig. 10, the parameters of the drift region resist-
ance model, breakdown model, self-heating model and
dynamic model are all extracted. Tab. 1 shows the extrac-
ting main parameters of the novel model for the target de-
vice based on the above figures.

Tab.1 Main parameters for the normal MOSFET

Parameters Value Parameters Value
Vio/V 3.4 K, /VV? 0.36
K,/1072 —2.18345 || Uy/(ecm® - (V-s) 1) 0.2
U/10 M (m-v=")y 72425 ||[U,/(107"m-V-1)? 1.0259
U107 v-! —2.452 086 || Voo /(10° m - s71) 1.2
A, 1.9 Ay /V7! 0.1

3.2 Model validation

For power semiconductor devices, the optimal value,
which is the product of on-resistance and gate charge, is
the indicator of device performance. In order to verify the
on-resistance and gate charge of the presented model, the
model has been simulated in several simple simulation cir-
cuits.
3.2.1

As for static verification, the typical drain-to-source
on-resistance curves between measured data and novel

Static verification

Tab.2 Added parameters in the proposed MOSFET

Parameters Value Parameters Value
rg/1074 Q 2.154 45 Fava/10 74 1.009 7
Favar /10 76 2.33 Tave 0.285 31
Favl 0.576 94 ry /1074 1.108 2
Fyai/ €Y 0.426 52 T,/C 25
T /10 73 6.228 5 Ty /1070 1.8159
Cy,/ (107" F-m™2) 9.2 PV 0.238
m; 0.7 15,/10 7% m 1.5
C,/107° F 1.95 a 20.3725
B 4.014 3 k 39.3
Ty /10 73 1.250 4 Tey/107° 1.8758
Ryyo/ (Km? - W) 0.051 Ry /10 73 1.012
Ry /10 7* 2.784 Ropa/10 73 0.592
Cro/ (T - K1) 0.202 Corpw /1073 7.465
Crg /10 7% 5.113 Crya/10 73 7.0282
Orry/10 72 4.223 Ocry/10 72 2.174

model results are shown in Fig. 11. Besides, the normal-
ized breakdown voltage with different temperatures is
shown in Fig. 12. It is clear that the model proposed in

6
\ * Measured data
St —— Novel model
%1 4
N
x 3l
2r 25 C
1 1 1 1 1 1

4 6 8 10 12 14 16

Vo /v
(a)
5
" Measured data
4 —— Novel model

100
I,/A
(b)

* Measured data

—— Novel model

L 50 0 50 100

T,/C
(¢)
Fig.11 On-resistance curves. (a) Under I, =80 A with different

temperatures; (b) Under T =25 C different Vs (¢) Under V,, =10 V
and I, =80 A

150 200
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Fig.12 Breakdown voltage under V, =0 V and [, =10 mA

this paper gives an accurate description for the drift region
resistance and breakdown voltage.

For the validation of the self-heating model, on ac-
count of the difficulty in measuring the internal tempera-
ture of the operative target device, only the simulation re-
sults of the switching circuit are shown in Figs. 13 (a)
and (b). As shown in the figures, the self-heating effect
can be observed. Moreover, the drain-to-source current
decreases with a larger duty cycle and higher frequency.
Hence, the presented model can reflect the heat produc-
tion of device and the power dissipation between the de-
vice and environment.

250 - —=—Period :4 ms; duty cycle:0.5
—<— Period :4 ms; duty cycle:0.75
200 P13 3, 5 .
NIRRT
- 150+
\m
~ 100}
50F
0 ]
0 10 20 30 40 50
Time/ms
(a)
220
—=— Period :4 ms; duty cycle:0.5
210 —<+—Period :6 ms; duty cycle:0.5
T 200}
~
190+
010 20 30 40 30
Time/ms
(b)
Fig. 13  Simulated /-V curves of presented model with self-

heating model under V,, =5 V (V,, with a high level of 4 V and

a low level of 0 V). (a) With the same period but different duty cy-
cles; (b) With the same duty cycle but different periods

3.2.2 Dynamic verification
For dynamic verification, as shown in Fig. 14,

the novel model gives an accurate description to the gate

10 r -
8 ®  Measured data
—— Novel model
> 6
\m
LB
4 b
2k
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Q,/nC

Fig.14 Typical gate charge curves under V,, =20 V and I, =
80 A

charge characteristic.

According to the specific data, the errors of all the val-
idation are less than 5% , therefore, the proposed model
gives the accurate description for both the static and dy-
namic characteristics.

4 Conclusion

In this paper, a novel SPICE model for the trench-gate
MOSFET device is presented. During the development of
the static part of the proposed model, the drift region re-
sistance is modeled according to its physical characteris-
tics and specific structure. To account for the dynamic
characteristics of devices, three important capacitances
are modeled respectively. In addition, the breakdown
voltage model and the self-heating model are also includ-
ed in this model. In terms of the model verification with
the actual measured data of the target devices, the novel
model provides an accurate description of all operation re-
gions for both the static and dynamic characteristics of the
trench-gate MOSFET device.
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