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NumericalAnalysis of 3-Dimensional Scaling
Rules onal.2-kV Trench Clustered IGBT

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

switching power losses because of their direct impact on energy
Abstract— 3-dimensionalscaling rules for the cathode cells and  savings. Most recently, a “MotthanMoore” concep{2] has
threshold voltages of a 1.2V Trench Clustered IGBT (TCIGBT) been extended tGBTs to enhanceheir power densitiesnd
are investigated using calibrated models in Synopsys Sentaurus gnsure compatibility witmanometricCMOS technology. The

TCAD tools. Scaling down results in an enhancenent of current .
gain of the inherent thyristor action which reduces the forward scaling concept proposed for theefich gatedGBT [3, 4]

voltage drop even more thanthat of a scaled Fench IGBT  Showed significantowering of theon-state voltages (¥(say)
(TIGBT). For identical switching losses, ta scalingfactor k=3, due to the Injection Enhancement (IE) effidt The IE effect
the forward voltage drop is reduced by 20% at 300Kand 30% at can be defined as a mechanism to enhance electron
400K when compared to the conventional TCIGBT (k=1). Most concentration Vthin the drift regionof an IGBT beyond that
impprtantly, despite its lower conduction losses Fhaq an  yealized purely by MOS chann@onduction This effect
applied to the nwell and pwell regions, maintaining the €nable a pi-n diode like carrier profileThe same effect is
selfclamping feature. Thus, TCIGBT is a more efficient Uused in 1D scaling of mesa widf], 2D and 3D scaling of
chip-for-chip, reliable replacement of a TIGBT for energy savings cathode cell§3, 4] as well as deep suhicron designg7].
in applications. However, the IE effect also results in peaturation of the
MOS channel current, leading to significant degradation of
short circuit withstand capabilifg, 9]. During the shortircuit
mode, devices need to sustain simultaneously high voltage and
high current causing a significant increase in the local device
temperature due to highower dissipation. The #dize must
survive under such abnormal conditions until the system
protection circuit shuts down the driving signblhe reduction
THE everincreasing demand for energy efficiency in powefn short circuit capability in scaled TIGBT is attributed to the
electronics necessitates reduction in thenstate and Collector Induced Barrier Lowering (CIBL) effef@], which is
switching losses ipowersemiconductor devicdsecauseghe ¢aysed by caductivity modulation in the MOS channg@.
increase opower converter efficiencgnabled by reduction in  ynjike the IE effect in TIGBTs, The Trench Clustered IGBT
device lossecan result in 28l0% savings of worldwide (TCIGBT) utilizes controlled thyristor action (pnpn effect) to
electrical energy consumption per annufh]. From a reduce orstate losse§10]. Moreover, TCIGBT exhibits a
performance over cost as well as reliability perspectiieon  ynique sekclamping feature to protect the cathode cells and
based power devices will continue péay a crucial role in  achieve low saturation currentgithout sacrificing orstate
current and future power electronics systems. Trench gai@@ward voltage drop
Insulated Gate Bipolar Transistors (TIGBT) are the maingy In this paper,3-dimentonal scaling ruls for the 1.2kV
switching devices used today for voltages up to 1.7y  Field-Stop TCIGBT are investigated in depth, using models
are widely used in high power converters, Pulse Widthyhich arecalibratedagainst experimental data [4]. Despite
Modulated (PWM) servo and threhase industry drives introduction of the fwell and pwell scaling factor K/2), the

requiring high dynamic range control and low harmonichysics of how selflamping voltage is scaled whitetaining
Significant efforts haveden made to reduce their-state and short circuit robustness and blocking voltage is revealed

Index Terms—IGBT, Clustered IGBT, Vceat -Eoff trade-off,
power semiconductor device,scaling rule, short circuit
capability, selfclamping feature.

. INTRODUCTION

Manuscript received ; revised ; accepted . Date of current version . |l. TCIGBT PHYSICSAND SCALING PRINCIPLE

Recommended for publication by Associate Editor Fig. 1presents the top view of the TCIGBT topology design.

The authors are with the Electrical Machines and Drives Res@amlp, The unique designed ladder structure featweeeralstripe
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Colour versions of one or more of the figures in this pageneailable on  highlighted in Fig. 1 is shown inFig. Za). The thyristor
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Fig. 1. Top view of the TCIGBT ladder design at the edge of the cluster ¢ o @ -
The highlighted region is the top view of the structure shown in Figj. 2 1n'/p ningag 3 n'/p’ contacts

_~ Emitter

(b)
Fig. 3. (a) Scaling principle on 3D TCIGBT structure. (b) Crsastional view
of cutline B-B’.

s I F I o F T P IS I IR,

N-well
e P-well . g
P-well Fig. 4. Parameters specified TABLE I.

() © After the TCIGBT structure turns on, current is continuously
Fig. 2. (a) Schematic crossection of TCIGBT structure. (b) Cathode structu Comm"ed_ by the MOS gateAs_ the pbase/awell junction is .
(c) Crosssection of culine A-A'. reverse biased, with increase in the anode voltage, the depletion

boundary within the fwell region moves towards the pvell
junction. Finally, the rwell region will punch through at a

the device ON, a positive gate voltage above the threshglte-defined voltage, termed as “selamping” voltage[13].
voltage is applied to form inversion layers in botlvgll and Any further increase of the anode voltage is supported by the
p-base regions. The inversion layers formed along the walls pfvell/n-drift junction. Under this condition, the cathode cells
the trenches connect thewell to the ground potential. In are protected from exposure to high anode voltages. More
addition, & shown in Fig. 2(c), the inversion layers formedmportantly, since the MOS cells are clamped, the saturation
below the trench gates connect thevell with the ndrift and  current is largely independent of collector voltage and therefore
lead to the floatingof the pwell regon. Therefore, during widerSafe Operating Are&8OA) can be achieved. This feature
conduction, the potential in thevgell increases with anode is one of the attractive advantages of CIGBTSs.
voltage. Once the potential drop across thewell/n-well Fig. 3shows the concept ofd@mensional scatg rule on the
junction is sufficient to forward bias the junction barrithe TCIGBT. More details regarding tieructuralparametersind
main thyristor turns on without snapback in the |-V  scaling ruleare shown irFig. 4andTABLE |. The cell width
characteristics. Highevel injection of minority carriers results W is kept identical in all cases for comparisétawever the
in the removal ofthe potential barrier across the-well structural parameters of cluster cells are shrunk as a fadtor of
junction. The conductivity modulation is significantly The n+/p+ lengths which are perpendiculathi® crosssection
enhancedecausef thyristoraction. Hence, the estate loss is are shrunk as factdt as wellto avoid latch-up. Hence, the
effecively reduced compared to the IGBT structlk8-12]. scaling rule is applieth all the three dimensions. Monegr, it
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TABLE |
PARAMETERSAND CHARACTERISTICS APRIED FOR SCALING RULES.
Parameters & Characteristics Symbol/Unit k=1 k=2 k=3 k=4 k=5 Scaling factor

Cell Width W (um) 10 10 10 10 10 1

Trench Width W5 (um) 1 1 1 1 1 1

Trench Depth Dt (um) 45 2.25 15 1.12 0.9 k

Mesa Width S (um) 3 15 1 0.75 0.6 k

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

n+ Length Lo+ (Um) 15 0.75 0.5 0.37 0.3 k

p+ Length Lp+ (Um) 45 2.25 15 112 0.9 k

Gate Oxide Thickness Tox (Um) 0.1 0.05 0.03 0.025 0.02 k
P-base Depth Db (M) 2 1 0.67 0.5 0.4 k
N-well Depth Diw (Mm) 4.5 4.5 3 2.25 18 kr2
Pawell Depth Dpw (Hm) 15 15 10 75 6 kr2

P-base Doping cm® 2x107 2.4x107 2.8x107 3.2x107 3.6x107 -

Gate Voltage Vg (V) 15 7.5 5 3.75 3 k
Threshold Voltag@l'; =300K/400K) Vi (V) 43/35 21/1.7 14/11 1.1/0.9 0.9/0.7 k
Self-clamping Voltage Vs (V) 18 15 7 5 4 -
Electron injection efficiendy=200A/ci) VE 72% 72% 72% 72% 72% 1

Scalingrule: Parameterof scaledk=2,3,4,5)devices = Parameters of conventiofflet1) device+ Scaling factor

2600 : T T 16 600 S l'rd i T S i " d Id I. p 4 T 1
o~ ° : olid line: Simulated models ,
£ 2400 k3-CIGBT | 14 __ 500 /Dash line: Experimental data 'f
< —e—\/scl < ‘
= 2200 - —a— jsat {123 ’
2 —— skdown Vo > 400 - ’ -
<2000 1102 - J
< 2 % oo ] k3-IGBT . |
g 1800 18 = 2 {\.@:5\/)\"
S e g 3 7 “N\\K1-IGBT
g 1600 “—-—»—-________x -~ 6 CE}. 200 4 (Vg=15V) -
$ 1400+ i ‘“ﬁt_f_—-f_-__—__—-—___& 14 8
: i N ] 100 .
2 4200 4 Solid: Tj=300K S, 12 -
@ 1 Empty: Tj=400K . Tj=300K
1000 T ' v ; ' g 00 05 10 15 20 25 3.0
2 K Vcee (V)

1 k
Scaling factor for the n-well&p-well depths

Fig. 6. Comparison of IV characteristib@tween calibrated models and

Fig. 5. Influence ofm-well/p-well depths scaling factsuponthebreakdown experimental data in [3]. The models are then used innthigsas of TCIGBT.

voltages saturation current dens and seltlamping voltagesf k3-CIGBT.

reduction of Awell depth is limited by the turan mechanism
of TCIGBT. During turmron process, the-well layer must
provide a sufficient barrieio prevent holes from flowing into

determined by the blocking capability as well as curreripe cathodel befor.e thg thyristor is triggered. Otherwise;the |
saturation characteristicgig. 5 shows the influence of the characteristics will display a snamck. Consequently, the

n-well/p-well depths scalig factors upon breakdown voltages SCa/iNg factor forthe n-well/p-well depthsare chosen a/2.
saturation current densities and se#mping voltages of the This will ensure that the scaledevices meet theequired
k3-CIGBT. As the pwell/n-drift junction is the main junction blocking capability as well asnablelarge SOA.

to support blocking voltage, the thickness of the scalaelp
must be sufficient to avoid pahthrough before avalanche . SIMULATION RESULTSAND ANALYSIS
breakdown. If the jwvell depth is scaled witl, the pwell The electrical characteristics of the scaled devices are
region is completely depleted before the electric field reachdemonstrated by using thed&mensional TCAD tools within

its critical value under blocking state. This causes cathode célignopsys Sentaurus Devis]. A minority carrier ambipolar

to be exposed to high voltages andlices premature lifetime of 10 s is considered as defalritaddition, the IGBT
breakdown. Saturation current density can be reduced Bpdels used in this work are calibrated with the experimental
lowering the puncithrough voltage and reducing themell ~ results inf4], as shown in Fig. 6. In admensional TCIGBT,
depth is a direct solutinto achieve this. However, the as shown in Fig. 3(b), due to existence of theefl and pwell

should be noted that additional scaling rule for theefi and
p-well depths are carefully selected as a factok/2f This is
because the scaling rule on thevell and pwell regiors is
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Fig. 7. Influence ofV cesanand Jsat on number of/p* contacts of kITCIGBT. Fig.9. Vce(sat) dependence on scaling factor k.
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Fig. 8. Input characteristics of the conventional and scaled devices. Fig. 10. I-V characteristics of the conventional and scaled devices.

margins, the number of*Ap* contacts employed within a expressed in (1), whete is the vertical channel lengté, is
cluster cell influences the electrical characteristics. For tilee sum of n+ lengthyni is the inversion layer mobility, and
conventionaldevice (k=1), the variations in forward voltageCox is the gate oxide capacitance

drops and saturation current densities as a function of number

of n*/p* contacts are shown Hig. 7. It shows that the Msay — p + _ Len/k — Rk (1)
reduceswith increasing number of'fp* contacts while thesg R Z g (ke Coy) - [((Vy — Ven) /K] ch

increases with increased number of contacts. However, both
V cesan and Jsar Saturate when contact number exceeds foulg.

Therefore, the simulated KICIGBT involves our rf/p* .I'V Characteristics _
contacts to provide a more accurate simulation resultsFig- 9 shows the comparison of tate voltage drops as a

Similarly, for an identical device area the KBIGBT employs function of k between TCIGBTs and benchmark TIGBTSs. In
both TIGBT and TCIGBT devices, significant decrease in
ornstate voltage drop are aiysed because of scaling rules and
A. Input Characteristics tend to saturate when k exceeds 3. However, in conventional
To reducehe gate voltage with scaling factor k, the thresholend scaled cases, the TCIGBTs show approximately 15%
voltageV should also be adjusted blgangingp-base doping. reduction in the ostate voltage drops when compared to the
As shown inTABLE I, the scaling rule for the thresholdequivalent TIGBTs at Tj=300 K and Tj=400 K. i$lis because
voltages is also available when the junctittmperature is the thyristor effect offers enhanced conductivity modulaition
increased to 40B. Hence, the various gate voltages enable ththe TCIGBT. Furthermore, the forward voltage drops of the
scaled TCIGBT devices tend to be suitable for different digitqICIGBTs are less sensitive to the increase in temperature
integrated circuitskig. 8 shows the input characteristics of thecompared to that of the TIGBTEig. 10shows the linear-V
conventional and scaled devic@$e transconductancd the characteristics of conventional and scaled TCIGBTSs. The linear
scaled devices argmproved compared to the conventional-V characteristics of the KBCIGBT is significantly improved
device as a resutif reduced chamel length as well ascaled becauseof the enhancemendf thyristor action, which is
gate oxide thicknessMoreover, the reduction of gate oxidediscussed furthén next paragraph. Therefotbg k3TCIGBT
thickness is beneficial to improve theVI characteristics can achieve a very lowsayof 1.15V and 1.19 V at Tj=30K
because of the significantly reduced channel resisfac@s  and Tj=400 K, respectivelgt a current density of 200 A/ém

twelve ri/p* contacts.
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Fig. 13. Current saturation characteristics of the conventiandlscaled

devices.

It should also be noted that, as showi ABLE I, the electron
injection efficiency does nathangewith scaling of the device.
Hence, IE effect is not presentedtie TCIGBTstructure This
is further substantiated fronkig. 11 becausethe V cesa Of
conventionabnd scaledlevicesncrease linearly with increase
in cell widths. Infact, the improvement of estate performance
is mainly contributed by enhancement of thyristor effect.
Fig. 12shows the osstate carrier ditributions by comparing
the scaled CIGBT devicego the conventional CIGBT (k=1).
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Fig. 14. Comparison of potential distributions within the mieldf mesa
regionsbetween(a) k31GBT and (b) k3CIGBT. (Tj = 300 K)
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Fig. 15. Comparison of-V characteristics between #@BT and k3CIGBT.

andD,, are the minority carrier diffusion coefficient, which are
constant, whil&®, andQ, are the effective charge of theyell

and nwell regions, respectively. For the -HEIGBT, the
significant decrease of tigy,/Qn ratio results in a higher[see

(3) and (4)]. Hence, the current gain of thevell/p-well/n-drift
transistor § is increaseddue to higher emitter injection
efficiency [see (5) and (6)]. In the KBCIGBT 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 ds-state performance.

1

Ty ®
k1: g—: = 1.51 > k3: g—: =0.56 3)
Vi1 < Yk3 (4)

14 1
= = 5
b =1y =W -1 ®)
Br1 < Bz (6)

C. Current Saturation Characteristics

Fig. 13 shows the current saturation characteristics of the
conventional TCIGBT and scaled devices. The-sklinping

A much higher carrier concentration is seen in k3 because of f8&tyre in the TCIGBT technology ensures that current
enhanced thyristor actiofihe junction injection efficiency of saturation levels do notdrease significantly dsincreases. In

the nwell/p-well junction can be expressed as2j (vhereD,

contrast, the scaling work on IGBT technology suffers from the
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Fig. 17 Short circuit characteristics of conventional and scaled devices.

tradeoff relationshipsof comparing the scaled devices to the
conventional deviceas well as benchmark KBGBT, from
which muchimproved tradeoff in comparison to conventional
device (k=1) is clear For an identical &, k3-TCIGBT can
reduce the Vesanby 20%and 30% at Tf 300K and T 400K,
respectively. Moreover, kZCIGBT even displays a 10%
reduction in \Mesaycompared to the calibrated¥GBT device

at Tj= 30K and Tj= 40K.

E. ShortCircuit Performance

The shorcircuit withstand time prior to failure is directly
related to the saturation current levigdhe device isxpected to
withstand shoktircuit conditionfor at least 10 ps.Fig. 17
shows the simulated sharircuit collector current waveforms.
The initial jurction temperature is set as 480 while the
thermal resistance from the collector electrode to ambient is set
as 0.8cn? K/W. It clearly shows that the scaled devices can
achiexe more than 10 ps sharircuit performance. This short
circuit robustness is contributed by selimping feature which
helps to maintain the saturation current levels

IV. CONCLUSION

In conclusion, a dlimensionalscaling rule for 1.XV
TCIGBT technology is proposed and demonstratétie
calibrated 2dimensional simulation results show that the
3-dimensionalscaling can realize much improvedeyayEof
tradeoffs in a TCIGBT while maintaining shecircuit
withstand capability.Due to the enhancement dfiyristor
effect, the orstate voltage drop can be reducggnificantly
without degrading shoxircuit withstand capability The
unique seHlclamping feature successfully controls the

absence of current saturation, which is originated by tf@turation current levels and therefore enable the scaled slevice

potential barrier lowering in the middle of mesa regi{8is

to remain short circuit robustness, which tends to break the

Fig. 14 depicts the orstate potential distributions within the application limit of scaling rule in trend®BTs.

mesa regions of the KBCIGBT device compared to a

k3-IGBT device. As shown, the potential barrief the
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