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Abstract. Trench gate field termination IGBT represents the latest structure of insulated gate bipolar
transistor (IGBT). Because the internal current of IGBT includes the charging and discharging current of gate
capacitance and internal junction capacitance during switching transient, the influence of junction capacitance
should be considered. The conductive channel of trench gate structure is different from that of planar gate

structure, and the analysis method of junction capacitance using planar gate structure will inevitably bring
some deviation. Based on the characteristics of trench gate structure, this paper analyzes the different
expressions of internal gate-drain junction capacitance in two cases according to whether the base depletion

layer can be widened to cover the trench gate, and finally carries out simulation and experimental verification.

1 Introduction

Insulated gate bipolar transistor (IGBT) is a composite
device which combines the structure of field effect
transistor and bipolar transistor, and absorbs the
advantages of both. It has high input impedance, fast
switching speed, low driving power, low saturation
voltage, simple control circuit, large current bearing and
so on. Widely used in new energy technology, energy-
saving technology and other fields, it has gradually
become the leading device of medium and high-power
power electronic devices!!-,

With the continuous improvement of design level and
manufacturing level of power semiconductor devices,
IGBT has also experienced the development process from
planar gate type to trench gate type, and punch-through
type to field termination type. The new generation of
trench gate field termination IGBT has achieved a leap in
power grade and comprehensive performance, and
gradually occupied the dominant position of IGBT
application. Due to the structural characteristics of trench
gate field termination type, which is different from the
traditional planar gate type, the two-dimensional
distribution of carriers in the base region and the influence
of injection and depletion layer broadening on junction
capacitance are different. This method of directly adopting
the existing model will inevitably bring great deviation*
3l In IGBT switching transient process, the change of
external collector-emitter voltage will significantly affect
the internal junction capacitance, and the charging and
discharging current of junction capacitance constitutes a
part of IGBT transient current. Therefore, accurate
modeling of internal junction capacitance will
significantly improve the accuracy of IGBT transient
current, which has certain theoretical and engineering

’ Corresponding author: author@e-mail.org

practical significance.

Based on the equivalent circuit analysis of internal
junction capacitance of trench gate field-terminated IGBT,
this paper discusses the calculation method of internal gate
junction capacitance in two cases according to whether the
base depletion layer can widen and cover the trench gate.
The calculation method considers the influence of
different collector-emitter voltages on the width of base
depletion layer in IGBT transient process, which causes
the change of internal gate junction capacitance of IGBT
and improves the accuracy of IGBT transient model.

2 Theoretical analysis

2.1 GBT junction capacitance characteristics

IGBT, as a fully controlled power electronic device, can
switch between on-state and off-state conveniently by
charging and discharging the gate capacitance through an
external driving circuit, so the gate capacitance directly
affects the switching transient process of IGBT. The gate
capacitance consists of gate-source capacitance, gate
overlapping oxide capacitance and gate overlapping
depletion capacitance, which varies with external voltage.

Schematic diagram of planar structure of trench gate
and planar gate IGBT is shown in Figure 1, which can be
regarded as BJT structure driven by MOSFET. The
conductive channel of planar gate structure is horizontal,
while that of trench gate structure is vertical. As the
direction of MOS conductive channel changes, the
corresponding internal junction capacitance changes. The
comparative analysis of junction capacitance of two gate
structures is also shown in Figure 1.
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Figl. Comparative analysis of junction capacitance of trench
gate and planar gate

For planar gate structure, because the width of P-type
body region is relatively small, it is considered that the
width of depletion region covers the horizontal conductive
channel, and the junction capacitance of gate-drain
depletion layer of internal MOSFET can be expressed by
a unified expression:

A
CGDJ (t ) =

GDgsi 1

26,V () Vs () + V) N,

In which: A, is the lateral lateral area of trench

gate deep into the base region; & is the dielectric

si

constant of silicon; V), (f) is BJT base-emitter voltage

drop; Vg (f) is the gate voltage; V7, is that threshold
voltage of the gate-drain overlap depletion layer; ¢q is

the electronic quantity; N, is the base doping

concentration.

The corresponding gate-drain junction capacitance is
expressed as:

Cow
ConCaps (1) 2)

Coxp + Cops (1)

However, for the trench gate structure, due to the large
gate thickness, the width of the depletion layer may not
cover the trench in IGBT switching transient, so it is
necessary to analyze it according to different conditions.

CGD ()=

2.2 Analysis of trench gate junction capacitance

In switching transient state, the internal current of IGBT
includes the charge and discharge currents of gate
capacitance and other internal junction capacitance
besides hole current and electron current, which together
constitute the total IGBT current. Therefore, the influence
of capacitance must be taken into account in transient
model analysis. The equivalent circuit diagram of IGBT
including gate capacitance and internal junction
capacitance is shown in Figure 2.
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Fig2. IGBT equivalent circuit diagram
InFigure2, Cg isthe capacitance between gate and

source; C,,p is the capacitance of grid overlapping
oxide layer; Cgp, is the grid overlapping depletion
layer capacitance; C,, and Cg,, are connected in
series to form the capacitance between gate and drain, that
is Cgp, which is also feedback capacitance; Cg, is
the capacitance between drain and source; Cp.; is the

junction capacitance between the P+ emitter and the N-
base region, which can be approximately regarded as the

sum of Cg,, and C, . Among them, the capacitors
Cs

capacitors Cgp,, Cp, and Cj,., all change with

and C,,, are all fixed values, while the

the change of the width of the depletion layer.

According to the relationship between depletion layer
width and trench gate width without considering trench
gate structure, the junction capacitance of trench gate
structure in Figure 2 is also analyzed in two cases.

(1) The depletion layer is not widened to cover the

trench gate, thatis W, <L, .

The internal junction capacitance of the trench gate
IGBT is shown in Figure 3.
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Fig3. Internal junction capacitance under condition 1
Because the depletion layer fails to widen and cover
the trench gate, there is no depletion layer at the lower part
of the trench gate, and the grid-drain junction capacitance
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only needs to consider the oxide layer capacitance at the
lower part of the trench gate. At this time, the junction
capacitance is expressed as:

Cop =Coxp 3)
Where: C,,,, represents the capacitance of oxide

layer at the lower part of trench gate.
(2) The depletion layer can be widened to cover the

trench gate, thatis W, oy < L.

The internal junction capacitance is as shown in Figure
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Fig4. Internal junction capacitance under condition 2

Because of carrier movement and current flow, it is
necessary to consider the longitudinal depletion layer
capacitance at the lower part of trench gate, the lateral
depletion layer junction capacitance at the side, and the
trench gate oxide layer capacitance.

The vertical depletion layer junction capacitance of the
gate-drain can be expressed as:

Copy, () = Agpé; 4

T 26,050 Ves(0+ V) N, ~ L,

Where: L

The lateral depletion layer junction capacitance of
gate-drain is the average of C1 and C2 depletion layer
capacitances.

is the longitudinal depth of trench gate.

C2 (l) — AGDHgsi (5)
eV, (1)/qN, - L,
Cl (t) — AGDH 851' (6)
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The grid-drain depletion layer junction capacitance is
obtained by connecting the horizontal and vertical
depletion layer capacitances in parallel

Cons (0)=Cip; ,()+Cp, 4 (1) ®)
The gate-drain Miller capacitor is formed by
connecting the gate-drain depletion layer capacitor and the
oxide layer capacitor in series.
Combining the above two cases, the expression of
gate-drain capacitance is obtained as follows:

W,

COXD ep, PIN S Lx

ComClon(®) ©)
COXD + CGDJ (t) I/I/dep,PlN > Lx

Because the junction capacitance of depletion layer is
affected by external voltage, when the voltage rises, the
junction capacitance of depletion layer will drop rapidly.
Therefore, in the linear region, the feedback capacitance is
basically equal to the oxide layer capacitance, while in the
cut-off region and saturation region, the feedback
capacitance is basically equal to the depletion layer
capacitance.

CGD (t) =

Gate-drain junction capacitance Cgp,(¢) , drain-
source junction capacitance C¢(f) and base-collector

junction capacitance C.(¢) are all variable junction

capacitances, which have high capacitance in the linear
region of low voltage and decrease with the increase of
depletion layer width, i.e., applied voltage.

Three capacitors are usually given in IGBT manual,

namely input capacitor C,_, output capacitor C_ and

iss ?
feedback capacitor C, . The relationship between these

capacitors and the internal junction capacitance in Figure
2 is as follows:

Cy =Cos +Cop
Crss = CGD (10)
Cosx = CDS + CGD

The MOS channel current meets the following
requirements according to the conditions that MOSFET
works in cut-off region, linear region and saturation region:

0

Lo () =K,V OV, W O-K 202 (D
KP(VGS (t) - V;h)z /2

The expression of base current obtained from the
equivalent circuit of fig. 2 is:

av, (1)
I,(x=W)=1_ ()+(C,s+C, b
o (X )=1,,, () +(Cps +Cqp) dr (12)
dV (1)
_ C GS
GD dt
The expression of gate voltage change rate is:
dVGS (t) _ IG (t) CGD (t) dvac (t) (13)

dt Cue+Cupt) Cuo+Cuplt)  dt
The expression of voltage change rate under different
conditions can be obtained by introducing the expressions
of gate-drain junction capacitance under two different
conditions.

3 Experimental verification

A trench gate field termination IGBT module with
KW60N65S model is selected, and the rated voltage and
current levels are 650V and 60A respectively. The
experimental test conditions are as follows: the bus
voltage is set to 400V, the driving voltage is 15V when
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switching on, and the load inductance is 500uH. The
collector-generator voltage and collector current of IGBT
are measured by double pulse test method. As the accurate
calculation of junction capacitance mainly affects the turn-
off current in IGBT transient process, the turn-off current
is compared. The test circuit is shown in Figure 5.
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Fig5S. Experimental test circuit
Using the junction capacitance calculation method of
planar gate structure, the simulation waveform of IGBT
turn-off transient current and the comparison of
experimental waveforms are shown in Figure6.
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Fig6. Comparison of shutdown currents
Using the calculation method of junction capacitance
in this paper, the simulation waveform of IGBT turn-off
transient current and the comparison of experimental
waveform are shown in Figure 7.
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Fig7. Comparison of shutdown currents
It can be seen from Figure 6 and Figure 7 that the
simulated turn-off transient current obtained by the
calculation method of junction capacitance in this paper is

closer to the experimental waveform.

4 Summary

According to the difference between the traditional planar
gate structure and the new trench gate structure, this paper
discusses the calculation method of junction capacitance
in IGBT in two cases according to whether the depletion
layer in the base region can widen and completely cover
the trench gate, which overcomes the single junction
capacitance treatment method in planar gate structure.
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