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Abstract

The effect of structural parameter scaling on 1200V
IGBT was systematically investigated in both non-scaled
(k=1) and scaled (k=3) IGBTSs, and clear on-state voltage
improvement was verified in scaled IGBTs. The origin of
the performance improvement is discussed

1. Introduction

While many power devices with new wide bandgap
materials are developed, Si-IGBTs (Insulated Gate Bipolar
Transistors) are still making steady progress [1]. In the
previous study, we have demonstrated both improved on-
stage voltage (Vcesat) and reduced turn-off loss (Eoff) in
1200V-10A IGBTs [2] based on the scaling concept of Si-
IGBTs (Fig.1) [3,4]. Similarly to the CMOS scaling, all the
geometrical dimensions as well as gate voltage are scaled
down proportionately while keeping the cell pitch W constant.
The improved Vcesat vs Eoff trade-off has also been verified in
5V-drivien 3300V-4A scaled IGBTSs [5]. In these studies, the
area of fabricated chips was large enough to attain 10A or 4A
class on-current (active emitter area: 5mm?), and the
structural parameters were fixed in both non-scaled and
scaled IGBTS, respectively. Details of the effects of structural
parameters remained unclear and the intrinsic origin of
improved performance should be clarified.

In this study, we fabricated relatively smaller size IGBTs
with varied device parameters and evaluated Vcesat
systematically. Superior characteristics in scaled IGBTs were
demonstrated and its origin was discussed from the measured
data of the parameter dependence.

2. Device Design and Fabrication

Table 1 shows parameters of fabricated 1200V IGBTs,
where k is the scaling factor. The k=1 device is the
conventional non-scaled IGBT. The k=3 device is the fully
scaled IGBT (except for cell pitch W). The k=1* is basically
k=1 but the mesa width (S) is scaled, while k=3" is basically
k=3 but S is not scaled. Figs. 2 and 3 show photos of
fabricated wafer and device, respectively. The fabricated
device is included in a TEG chip and has identical structure
to an IGBT chip with W of 16um and trench length of 1mm,
except that the present device consists of only 9 pairs of
trench gates (active emitter area: 0.14mm?) and the p-float is
not connect to the ground. Table 2 summarizes parameters of
all devices. 12 types of devices were fabricated in total.

Figs. 4 and 5 show simulated lce — Vce characteristics and
carrier distribution for k=1 and k=3 devices. It is confirmed
that, in the k=3 device, the front side carrier concentration is
selectively increased by the injection enhancement (IE) effect
[6] and the ideal flat carrier concentration is realized, leading
to reduced Veesat.

3. Device Characteristics

Fig.6 shows measured lce — Vce characteristics of all
devices. The k=1 group (A~F) and the k=3 group (G~L)
respectively show almost identical curves irrespective of
mesa width S and p-collector dose. Figs. 7 and 8 show
measured threshold voltage (Vth) and subthreshold factor
(S.S.). Thanks to scaled gate oxide thickness (33nm) in k=3,
reduced Vth variability and improved S.S. were observed.

Measured and simulated Ice — Vce are compared in standard
k=1 and k=3 (B and K) in Fig. 9. Both are in good agreement.
Reduced Vcesat (at Jce=200A/cm?) in k=3 is confirmed. This
improvement is larger than that in a large area IGBT chip in
[2]. This is because the p-float is not connected in the present
device resulting in enhanced IE effect while the p-float is
grounded in an IGBT chip for stable switching operations [2].
The dependences on back side p-collector dose are shown in
Fig. 10. It is found that Vcesat improves with p-collector dose
more in k=3 than k=1.

Measured average Vcesat and on-current (at Vce=1.25V) are
summarized in Fig.11. It is found by comparing the
differences in k=1/k=1* and k=37/k=3 that the sensitivity to S
is larger in k=3 than in k=1. It is also confirmed that the
sensitivity to p-collector dose is also larger in k=3 than k=1.
These results suggest that the IE effect (and hence Vcesat) is
saturating with decreasing S in conventional non-scaled
IGBTs. On the other hand, there is more room in Vcesat
improvement with S scaling in k=3. Moreover, although the
Eoff degradation should be considered, further Vcesat
improvement is expected in k=3 by the increase in the p-
collector dose because of the front side carrier concentration
enhancement due to the IE effect.

4. Conclusions

The structural parameter dependence in IGBT is
investigated in order to explore the possibility of further
improvement by scaling. It is shown that the scaled IGBT has
more room for improvement by parameter optimization than
the conventional non-scaled IGBT.

Acknowledgements

The authors would like to thank Dr. K. Satoh of Mitsubishi
Electric Corp., Dr. T. Matsudai of Toshiba Electronic Devices &
Storage Corp., Dr. M. Tsukuda of Green Electronics Research
Institute, and Prof. W. Saito of Kyushu University for fruitful
discussions. This work is based on results obtained from a project
commissioned by the New Energy and Industrial Technology
Development Organization (NEDO).

References

[1] N. lwamuro, and T. Laska, IEEE Transaction on Electron Device,
vol. 64, p. 741, 2017. [2] T. Saraya et al., IEDM, p. 189, 2018. [3]
M. Tanaka and |. Omura, Solid-State Electronics, VVol. 80, p. 118,
2013. [4] K. Kakushima et al, IEDM, p. 268, 2016. [5] T. Saraya et
al. to be presented in ISPSD, 2019. [6] M. Kitagawa et al., IEDM, p.
679, 1993.

- 453 -



neemitter o1
p-float I
[

ox

n-base

Thickness,

Fig. 9. Ice (Jee) — Vee characteristics of
1200V k=1 and /=3 IGBTs.

Dummy trench cell

—Activetrenchcell ———  Emitter

Dummy trench cell
P-Float

Cell pitch, W
(a) k=1 (b) k=3 Fig. 2. Chip photograph of IGBT wafer fab- Fig. 3. Photograph and layout of TEG chip
Fig. 1. Scaling principle of trench gate IGBTs. ricated in facilities of the Univ. of Tokyo. 6.E+16
200
Table 1. Structural parameters of scaled IGBTs. s Simalation To bt
k=1 | k=1t | k=3 | k=3 —k=1 1, 120um 5
- 150 | p-collector : 8x10""fem?* =
Cell pitch, W 1 1 1 1 = (depth : 0.4pm) & 4E*16
i E ®
Mesa width, S 1 1/3 1 13 | 5 100 £3E16
Trench depth, D; ' IERECRERES 8 k=1 s
; Joe = 200A/cm
p-base depth, D 1 1|13 13| $ 50 éZE”G ! = 120um
1 4 17 om-3
Trench extrusion, Dy -Dp | 1 | 1 | 1/3 | 1/3 $res | et g A
Gate oxide thickness, lox 1 1 1/3 1/3 ‘ ‘ | ‘ !" Front side Back side
Gate voltage, V, 11 [us]us ° 0.E+00 ' ‘
ge, vy 0 0.5 1V (V1)V5 2 2.5 0 20 40 60 80 100 120
. . . Depth
Table 2. Sample classification by scaling . . ce o . . e,p (",'m), .
factor and p-collector dose. Fig. 4. Simulated on-state characteristics ~ Fig. 5. Simulated carrier distribution on
p-collector dose of k=1 and £=3 trench gate IGBTs. k=1 and k=3 IGBTs.
45 7.0
k=3, 3 k=1, 1* o k=:& 1 ) mVth (Mesa : x1)
x1/2 X1 (typ.) X2 g : 60 _ ) wVth (Mesa x1/3) | 030
k=1 A B C % 3 u Device A~C 50 555, (Mesa: 1) 3
k=1* D E F .,‘5’ 25 m Device D~F S0 85 (Mesa 319) {020 2
-3 T 2 = Device G~I S0 : k_=§L e
k=3 G H | 2.5 u Device J~L > S @
k=3 J K L 2 20 o
0.5 1.0
10°
0 P — [ S S S| 1 i Il 0.0
10" 1 115 2 25 3 35 4 45 5 55 6 65 AD BE CF GJ  HK LL
10° —— Device A~C 1 Vth (V) Vth & S.S.
3 ! . .
10 Device D~ 1 Fig. 7. Threshold voltage distribution  Fig 8. Comparison of average threshold volt-
10* Device G~ §
—10° Device J~L of /=1 and k=3 IGBTs. age and subthreshold slope of k=1 and /=3
i’:, 10° | IGBTs for different mesa width.
h=1,1" 1
_8 107 1 Ts‘:120pn"| T M [Tac120um | T
10 i 200 v tmmrpitch16um x 9 7/ | E 200 pvrr: immiPitch: 16pm x q’
10° _ Device A —DeviceJ
10710 Vee =2V ! <1501 = = -Device B 1 & 150 = — -Device K -:
1 £ - - - - Devi £ - - - Devi :
1 Ts120um o Device C S Device L -
1012 Wrriimm/Pitch:16umx 9§ < 3 :
10 é 1'0 15 EAOO [ p-collector dosé’- 1 ‘:03'100 [ p-collector dose‘f
Vge (V) = x1/2,x1,x2 = x12, %1, x2
50+ k=1 y 50} | 3 =3
Fig. 6. Ice — Vge characteristics of
Vge=15V Vge=5V
1200V =1 and 4=3 IGBTs. | J | VeeT13) _ (Vae=3V)
o %5 o5 10 15 20 85 o5 10 5 20
o0 | Fes=200A1cm? /1] Vee (V) Vee (V)
—— Device B ,':I' ; 1 Fig. 10. The p-collector dose dependence of Ice (Jce) — Vee characteristics
150 — Device Ky T T Reeirement of k=1 and k=3 IGBTs.
N
- o 1.75 250
g k__3 L Veesat (Mesa width : 1) “=lon (Mesa width : 1) k=3
Z 100 (Vge—5V) ‘: 3 K= -=-Vcesat (Mesa width : 1/3) 200 Lon fll\ﬂesa width : 1/3)
~— —_ =
".)8 Veegsaty T 1.24V // (EVSQe—'I 5V) 31_50 14 k=17 L k=3 g 150 /kf( -
50 \l w : % \%) 13 g < 100 -
= > 05 | k=1 saze O §
i i cesat =|1.38V K=3- - ©
8005 10 15 20 25 10 o sf of P— ® a0 BE orf od MK L
Vce (V) Vcesat lon

Fig. 11. Comparison of on-state voltage and on-current of 4=1 and k=3 IGBTs

for different mesa width.
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