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Abstract— 3-dimensional scaling rules for the cathode cells and 

threshold voltages of a 1.2-kV Trench Clustered IGBT (TCIGBT) 
are investigated using calibrated models in Synopsys Sentaurus 
TCAD tools. Scaling down results in an enhancement of current 
gain of the inherent thyristor action which reduces the forward 
voltage drop even more than that of a scaled Trench IGBT  
(TIGBT). For identical switching losses, at a scaling factor k=3, 
the forward voltage drop is reduced by 20% at 300K and 30% at 
400K when compared to the conventional TCIGBT (k=1). Most 
importantly, despite its lower conduction losses than an 
equivalent TIGBT, a scaled TCIGBT structure can maintain its 
short circuit capability, due to the additional scaling principle 
applied to the n-well and p-well regions, maintaining the 
self-clamping feature. Thus, TCIGBT is a more efficient 
chip-for-chip, reliable replacement of a TIGBT for energy savings 
in applications. 
 

Index Terms—IGBT, Clustered IGBT, V ce(sat) -Eoff  trade-off, 
power semiconductor device, scaling rule, short circuit 
capability, self-clamping feature. 
 

I. INTRODUCTION 

HE ever increasing demand for energy efficiency in power 
electronics necessitates reduction in the on-state and 

switching losses in power semiconductor devices because the 
increase of power converter efficiency enabled by reduction in 
device losses can result in 25-40% savings of worldwide 
electrical energy consumption per annum [1]. From a 
performance over cost as well as reliability perspective, silicon 
based power devices will continue to play a crucial role in 
current and future power electronics systems. Trench gated 
Insulated Gate Bipolar Transistors (TIGBT) are the main power 
switching devices used today for voltages up to 1.7 kV. They 
are widely used in high power converters, Pulse Width 
Modulated (PWM) servo and three-phase industry drives 
requiring high dynamic range control and low harmonics. 
Significant efforts have been made to reduce their on-state and 
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switching power losses because of their direct impact on energy 
savings. Most recently, a “More-than-Moore” concept [2] has 
been extended to IGBTs to enhance their power densities and 
ensure compatibility with nanometric CMOS technology. The 
scaling concept proposed for the Trench gated IGBT [3, 4] 
showed significant lowering of the on-state voltages (Vce(sat)) 
due to the Injection Enhancement (IE) effect [5]. The IE effect 
can be defined as a mechanism to enhance electron 
concentration within the drift region of an IGBT beyond that 
realized purely by MOS channel conduction.  This effect 
increases the drift region cathode side carrier concentration and 
enables a p-i-n diode like carrier profile. The same effect is 
used in 1D scaling of mesa width [6], 2D and 3D scaling of 
cathode cells [3, 4] as well as deep sub-micron designs [7]. 
However, the IE effect also results in non-saturation of the 
MOS channel current, leading to significant degradation of 
short circuit withstand capability [8, 9]. During the short-circuit 
mode, devices need to sustain simultaneously high voltage and 
high current, causing a significant increase in the local device 
temperature due to high-power dissipation. The device must 
survive under such abnormal conditions until the system 
protection circuit shuts down the driving signal. The reduction 
in short circuit capability in scaled TIGBT is attributed to the 
Collector Induced Barrier Lowering (CIBL) effect [8], which is 
caused by conductivity modulation in the MOS channels [9]. 

Unlike the IE effect in TIGBTs, The Trench Clustered IGBT 
(TCIGBT) utilizes controlled thyristor action (pnpn effect) to 
reduce on-state losses [10]. Moreover, TCIGBT exhibits a 
unique self-clamping feature to protect the cathode cells and 
achieve low saturation currents without sacrificing on-state 
forward voltage drop.  

In this paper, 3-dimentional scaling rules for the 1.2-kV 
Field-Stop TCIGBT are investigated in depth, using models 
which are calibrated against experimental data in [4]. Despite 
introduction of the n-well and p-well scaling factor (k/2), the 
physics of how self-clamping voltage is scaled while retaining 
short circuit robustness and blocking voltage is revealed. 

II. TCIGBT PHYSICS AND SCALING PRINCIPLE 

Fig. 1 presents the top view of the TCIGBT topology design. 
The unique designed ladder structure features several stripe 
shaped trenches running in parallel across the active cluster 
cells. A cross sectional 3-dimensional TCIGBT unit cell as 
highlighted in Fig. 1 is shown in Fig. 2(a). The thyristor 
structure consists of n-well, p-well, n-drift and p-anode. To turn  

Numerical Analysis of 3-Dimensional Scaling 
Rules on a 1.2-kV Trench Clustered IGBT 

Peng Luo, Hong Yao Long, Mark R. Sweet, Merlyne De Souza and E. M. S. Narayanan, Senior 
Member, IEEE 

T 

mailto:pluo2@sheffield.ac.uk
mailto:h.y.long%20@sheffield.ac.uk
mailto:h.y.long%20@sheffield.ac.uk
mailto:m.r.sweet@sheffield.ac.uk
mailto:s.madathil@sheffield.ac.uk
http://ieeexplore.ieee.org/


> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

2 

.  
Fig. 1.  Top view of the TCIGBT ladder design at the edge of the cluster cell. 
The highlighted region is the top view of the structure shown in Fig. 2 (a). 

 
(a) 

 

 
 

 

(b) (c) 

Fig. 2.  (a) Schematic cross-section of TCIGBT structure. (b) Cathode structure. 
(c) Cross-section of cut-line A-A’.  

the device ON, a positive gate voltage above the threshold 
voltage is applied to form inversion layers in both p-well and 
p-base regions. The inversion layers formed along the walls of 
the trenches connect the n-well to the ground potential. In 
addition, as shown in Fig. 2(c), the inversion layers formed 
below the trench gates connect the n-well with the n-drift and 
lead to the floating of the p-well region. Therefore, during 
conduction, the potential in the p-well increases with anode 
voltage. Once the potential drop across the p-well/n-well 
junction is sufficient to forward bias the junction barrier, the 
main thyristor turns on without snap-back in the I-V 
characteristics. High-level injection of minority carriers results 
in the removal of the potential barrier across the p-well 
junction. The conductivity modulation is significantly 
enhanced because of thyristor action. Hence, the on-state loss is 
effectively reduced compared to the IGBT structure [10-12].  

 
(a) 

 
(b) 

Fig. 3.  (a) Scaling principle on 3D TCIGBT structure. (b) Cross-sectional view 
of cut-line B-B’. 

 
Fig. 4.  Parameters specified in TABLE I. 

After the TCIGBT structure turns on, current is continuously 
controlled by the MOS gate.  As the p-base/n-well junction is 
reverse biased, with increase in the anode voltage, the depletion 
boundary within the n-well region moves towards the p-well 
junction. Finally, the n-well region will punch through at a 
pre-defined voltage, termed as “self-clamping” voltage [13]. 
Any further increase of the anode voltage is supported by the 
p-well/n-drift junction. Under this condition, the cathode cells 
are protected from exposure to high anode voltages. More 
importantly, since the MOS cells are clamped, the saturation 
current is largely independent of collector voltage and therefore 
wider Safe Operating Area (SOA) can be achieved. This feature 
is one of the attractive advantages of CIGBTs. 

Fig. 3 shows the concept of 3-dimensional scaling rule on the 
TCIGBT. More details regarding the structural parameters and 
scaling rule are shown in Fig. 4 and TABLE I.  The cell width 
W is kept identical in all cases for comparison. However, the 
structural parameters of cluster cells are shrunk as a factor of k. 
The n+/p+ lengths which are perpendicular to the cross-section 
are shrunk as factor k as well to avoid latch-up. Hence, the 
scaling rule is applied in all the three dimensions. Moreover, it 
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TABLE I 
PARAMETERS AND CHARACTERISTICS APPLIED FOR SCALING RULES. 

Parameters & Characteristics Symbol/Unit k=1 k=2 k=3 k=4 k=5 Scaling factor 

Cell Width W (µm) 10 10 10 10 10 1 

Trench Width WT (µm) 1 1 1 1 1 1 

Trench Depth DT (µm) 4.5 2.25 1.5 1.12 0.9 k 

Mesa Width S (µm) 3 1.5 1 0.75 0.6 k 

n+/p+ Depth Dpn (µm) 0.5 0.25 0.17 0.12 0.1 k 

n+ Length Ln+ (µm) 1.5 0.75 0.5 0.37 0.3 k 

p+ Length Lp+ (µm) 4.5 2.25 1.5 1.12 0.9 k 

Gate Oxide Thickness Tox (µm) 0.1 0.05 0.03 0.025 0.02 k 

P-base Depth Dpb (µm) 2 1 0.67 0.5 0.4 k 

N-well Depth Dnw (µm) 4.5 4.5 3 2.25 1.8 k/2 

P-well Depth Dpw (µm) 15 15 10 7.5 6 k/2 

P-base Doping cm-3 2×1017 2.4×1017 2.8×1017 3.2×1017 3.6×1017 - 

Gate Voltage Vg  (V) 15 7.5 5 3.75 3 k 

Threshold Voltage(T j =300K/400K) Vth  (V) 4.3 / 3.5 2.1 / 1.7 1.4 / 1.1 1.1 / 0.9 0.9 / 0.7 k 

Self-clamping Voltage  Vscl (V) 18 15 7 5 4 - 

Electron injection efficiency(J=200A/cm2) ȖE 72% 72% 72% 72% 72% 1 

  Scaling rule:   Parameters of scaled (k=2,3,4,5) devices = Parameters of conventional (k=1) device ÷ Scaling factor  

 
Fig. 5.  Influence of n-well/p-well depths scaling factors upon the breakdown 
voltages, saturation current densities and self-clamping voltages of k3-CIGBT. 

should be noted that additional scaling rule for the n-well and 
p-well depths are carefully selected as a factor of k/2. This is 
because the scaling rule on the n-well and p-well regions is 
determined by the blocking capability as well as current 
saturation characteristics. Fig. 5 shows the influence of the 
n-well/p-well depths scaling factors upon breakdown voltages, 
saturation current densities and self-clamping voltages of the 
k3-CIGBT. As the p-well/n-drift junction is the main junction 
to support blocking voltage, the thickness of the scaled p-well 
must be sufficient to avoid punch-through before avalanche 
breakdown. If the p-well depth is scaled with k, the p-well 
region is completely depleted before the electric field reaches 
its critical value under blocking state. This causes cathode cells 
to be exposed to high voltages and induces premature 
breakdown. Saturation current density can be reduced by 
lowering the punch-through voltage and reducing the n-well 
depth is a direct solution to achieve this. However, the 

 

Fig. 6.  Comparison of IV characteristics between calibrated models and 
experimental data in [3]. The models are then used in the analysis of TCIGBT. 

reduction of n-well depth is limited by the turn-on mechanism 
of TCIGBT. During turn-on process, the n-well layer must 
provide a sufficient barrier to prevent holes from flowing into 
the cathode before the thyristor is triggered. Otherwise, the I-V 
characteristics will display a snap-back. Consequently, the 
scaling factor for the n-well/p-well depths are chosen as k/2. 
This will ensure that the scaled devices meet the required 
blocking capability as well as enable large SOA. 

III.  SIMULATION  RESULTS AND ANALYSIS 

The electrical characteristics of the scaled devices are 
demonstrated by using the 3-dimensional TCAD tools within 
Synopsys Sentaurus Device [14]. A minority carrier ambipolar 
lifetime of 10 µs is considered as default. In addition, the IGBT 
models used in this work are calibrated with the experimental 
results in [4], as shown in Fig. 6.  In a 3-dimensional TCIGBT, 
as shown in Fig. 3(b), due to existence of the n-well and p-well 
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Fig. 7.  Influence of V ce(sat) and Jsat on number of n+/p+ contacts of k1-TCIGBT. 

 
Fig. 8.  Input characteristics of the conventional and scaled devices. 

margins, the number of n+/p+ contacts employed within a 
cluster cell influences the electrical characteristics.  For the 
conventional device (k=1), the variations in forward voltage 
drops and saturation current densities as a function of number 
of n+/p+ contacts are shown in Fig. 7. It shows that the Vce(sat) 
reduces with increasing number of n+/p+ contacts while the Jsat 

increases with increased number of contacts. However, both 
V ce(sat) and Jsat saturate when contact number exceeds four. 
Therefore, the simulated k1-TCIGBT involves four n+/p+ 
contacts to provide a more accurate simulation results. 
Similarly, for an identical device area the k3-TCIGBT employs 
twelve n+/p+ contacts.  

A. Input Characteristics 

To reduce the gate voltage with scaling factor k, the threshold 
voltage Vth should also be adjusted by changing p-base doping. 
As shown in TABLE I, the scaling rule for the threshold 
voltages is also available when the junction temperature is 
increased to 400 K. Hence, the various gate voltages enable the 
scaled TCIGBT devices tend to be suitable for different digital 
integrated circuits. Fig. 8 shows the input characteristics of the 
conventional and scaled devices. The transconductance of the 
scaled devices are improved compared to the conventional 
device as a result of reduced channel length as well as scaled 
gate oxide thickness. Moreover, the reduction of gate oxide 
thickness is beneficial to improve the I-V characteristics 
because of the significantly reduced channel resistance Rch, as  

 
Fig. 9.  Vce(sat) dependence on scaling factor k. 

 
Fig. 10.  I-V characteristics of the conventional and scaled devices. 

expressed in (1), where Lch is the vertical channel length, Z is 
the sum of n+ length, µni is the inversion layer mobility, and 
Cox is the gate oxide capacitance. 

  ܴ௖௛Ԣ =  
ܼ݇/௖௛ܮ ή ௡௜ߤ ή (݇ ή (௢௫ܥ ή [( ௚ܸ െ ௧ܸ௛)/݇]

 = ܴ௖௛/݇ (1) 

B. I-V Characteristics 

Fig. 9 shows the comparison of on-state voltage drops as a 
function of k between TCIGBTs and benchmark TIGBTs. In 
both TIGBT and TCIGBT devices, significant decrease in 
on-state voltage drop are observed because of scaling rules and 
tend to saturate when k exceeds 3. However, in conventional 
and scaled cases, the TCIGBTs show approximately 15% 
reduction in the on-state voltage drops when compared to the 
equivalent TIGBTs at Tj=300 K and Tj=400 K.  This is because 
the thyristor effect offers enhanced conductivity modulation in 
the TCIGBT. Furthermore, the forward voltage drops of the 
TCIGBTs are less sensitive to the increase in temperature 
compared to that of the TIGBTs. Fig. 10 shows the linear I-V 
characteristics of conventional and scaled TCIGBTs. The linear 
I-V characteristics of the k3-TCIGBT is significantly improved 
because of the enhancement of thyristor action, which is 
discussed further in next paragraph. Therefore, the k3-TCIGBT 
can achieve a very low Vce(sat) of 1.15 V and 1.19 V at Tj=300 K 
and Tj=400 K, respectively at a current density of 200 A/cm2.  
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Fig. 11.  Vce(sat) dependence on cell width.  

 
Fig. 12.  Carrier distributions within k1-TCIGBT structure and scaled structures 
at J = 200 A/cm2. 

 
Fig. 13.  Current saturation characteristics of the conventional and scaled 
devices. 

It should also be noted that, as shown in TABLE I, the electron 
injection efficiency does not change with scaling of the device. 
Hence, IE effect is not presented in the TCIGBT structure.  This 
is further substantiated from Fig. 11 because the V ce(sat) of 
conventional and scaled devices increase linearly with increase 
in cell widths. In fact, the improvement of on-state performance 
is mainly contributed by enhancement of thyristor effect.  

Fig. 12 shows the on-state carrier distributions by comparing 
the scaled TCIGBT devices to the conventional TCIGBT (k=1). 
A much higher carrier concentration is seen in k3 because of the 
enhanced thyristor action. The junction injection efficiency of 
the n-well/p-well junction can be expressed as in (2), where Dp  

  
(a) (b) 

Fig. 14.  Comparison of potential distributions within the middle of mesa 
regions between (a) k3-IGBT and (b) k3-CIGBT. (Tj = 300 K)  

 
Fig. 15.  Comparison of I-V characteristics between k3-IGBT and k3-CIGBT.  

and Dn are the minority carrier diffusion coefficient, which are 
constant, while Qp and Qn are the effective charge of the p-well 
and n-well regions, respectively. For the k3-TCIGBT, the 
significant decrease of the Qp/Qn ratio results in a higher Ȗ [see 
(3) and (4)]. Hence, the current gain of the n-well/p-well/n-drift 
transistor ȕ is increased due to higher emitter injection 
efficiency [see (5) and (6)]. In the k3-TCIGBT structure, the 
thyristor effect is significantly enhanced, due to increased 
current gain as well as reduction in MOS channel resistance, 
which results in the improvement of its on-state performance. 

ߛ  ؆  
1

1 +  
 ௡ܳ௡ (2)ܦ௣ܳ௣ܦ

 ݇1: 
ܳ௣ܳ௡ = 1.51 >  ݇3: 

ܳ௣ܳ௡ = 0.56 (3) 

௞ଵߛ  <  ௞ଷ (4)ߛ 

ߚ  =
ߛ

1െ ߛ =
1

(ߛ/1) െ 1
 (5) 

௞ଵߚ  <  ௞ଷ (6)ߚ 

C. Current Saturation Characteristics 

Fig. 13 shows the current saturation characteristics of the 
conventional TCIGBT and scaled devices. The self-clamping 
feature in the TCIGBT technology ensures that current 
saturation levels do not increase significantly as k increases. In 
contrast, the scaling work on IGBT technology suffers from the 
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Fig. 16.  Comparison of Vce(sat)-Eoff trade-offs at J = 200 A/cm2. Each line is 
a variation of P-anode doping concentration from 5e17 cm-3 to 1e19 cm-3  

 
Fig. 17  Short circuit characteristics of conventional and scaled devices.  

absence of current saturation, which is originated by the 
potential barrier lowering in the middle of mesa regions [8]. 
Fig. 14 depicts the on-state potential distributions within the 
mesa regions of the k3-TCIGBT device compared to a 
k3-IGBT device. As shown, the potential barrier of the 
n+/p-base junction in an IGBT reduces significantly with 
increased collector voltage. Under this condition, the bipolar 
carriers flow is enhanced and the current does not show clear 
saturation, as shown in Fig. 15. This will finally degrade the 
short circuit robustness and reduce the SOA of an IGBT. This 
problem can be effectively suppressed with TCIGBT 
technology due to the self-clamping feature.  The potential in 
the n-well region is clamped and the potential barrier of the 
n+/p-base junction shows no obvious increase and tends to be 
independent of collector voltages. This is one major attractive 
feature over the TIGBT. It should also be noted from Fig. 15 
that despite the k3-CIGBT shows lower Vce(sat) in the linear I-V 
characteristics, 1/3 reduction in saturation current density can 
be achieved compared to that of the k3-IGBT. 

D. Dynamic Characteristics 

The dynamic characteristics of the conventional and scaled 
devices are investigated by using inductive switching 
simulations.  In the inductive switching test circuit, the DC bias 
is 600 V, the rated current is 100 A (at J=200 A/cm2) and the 
stray inductance is 100 nH. Fig. 16 shows the Vce(sat)-Eoff  

trade-off relationships of comparing the scaled devices to the 
conventional device as well as benchmark k3-TIGBT, from 
which much-improved trade-off in comparison to conventional 
device (k=1) is clear.  For an identical Eoff , k3-TCIGBT can 
reduce the Vce(sat) by 20% and 30% at Tj = 300K and Tj = 400K, 
respectively. Moreover, k3-TCIGBT even displays a 10% 
reduction in Vce(sat) compared to the calibrated k3-IGBT device 
at Tj = 300K and Tj = 400K. 

E. Short-Circuit Performance 

The short-circuit withstand time prior to failure is directly 
related to the saturation current level. The device is expected to 
withstand short-circuit condition for at least 10 µs.  Fig. 17 
shows the simulated short-circuit collector current waveforms. 
The initial junction temperature is set as 400 K while the 
thermal resistance from the collector electrode to ambient is set 
as 0.8 cm2 K/W. It clearly shows that the scaled devices can 
achieve more than 10 µs short-circuit performance. This short 
circuit robustness is contributed by self-clamping feature which 
helps to maintain the saturation current levels.  

IV.  CONCLUSION 

In conclusion, a 3-dimensional scaling rule for 1.2-kV 
TCIGBT technology is proposed and demonstrated. The 
calibrated 3-dimensional simulation results show that the 
3-dimensional scaling can realize much improved Vce(sat)-Eoff  
trade-offs in a TCIGBT while maintaining short-circuit 
withstand capability. Due to the enhancement of thyristor 
effect, the on-state voltage drop can be reduced significantly 
without degrading short-circuit withstand capability. The 
unique self-clamping feature successfully controls the 
saturation current levels and therefore enable the scaled devices 
to remain short circuit robustness, which tends to break the 
application limit of scaling rule in trench IGBTs. 
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