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I 
Abstract 

For the first time, we demonstrate 3D integration of 
self-aligned 110~(Hf)iLaAl0~/GOI CMOSFETs above 0.1 8 
pm Si CMOSFETs. At EOT=l.4nm, the novel Ir02(Hf) 
dual gates (4.4 and 5.1 eV workfunction) on control 2D 
LaA103/Si devices have high electron and hole mobilities 
of 203 and 67 cm'Ns. On the 3D structure the LaA103/ 
GO1 shows even higher 389 and 234 cm2Ns mobilities, 
and process compatibility with current Si VLSI. The higher 
drive current, larger integration density, shorter inter- 
connects distance, and simple process of 3D approach can 
help solve the AC power issue and 2D scaling limitation. 

Introduction 

As down-scaling continues beyond the implementation 
of high-r gate dielectrics for VLSI ICs, the AC power 
consumption from the interconnect capacitance (Cv92)  
becomes a major hamer [IEDM 2003 panel session]. This 
arises from increasing interconnect density and operational 
frequencies (f). Although wireless or optical interconnects 
are useful [I]-[2], they currently only apply to inter-chip 
connections. Another difficult challenge is that the scaling 
limits of CMOS (<lOnm), from source-drain quantum- 
mechanical tunneling, are being approached [3]-[4]. In this 
paper, we propose and demonstrate a solution for the AC 
power consumption and also address the scaling limitation. 
by using a simple 3D integration. The 3D IC structure is 
similar to the logic and memory functions in the brain, 
which may provide an effective low cost solution to rapidly 
increasing cost of IC fabs as scaling down. However there 
are technological challenges to realize such 3D ICs within a 
low thermal budget and small impact on the lower-layer 
devices. Previously we have shown that GO1 MOSFETs 
[5]-[6] meet the required low thermal budget of a 5 0 0 T  
RTA, show dislocation free for high yield and display high 
mobility. To achieve full 3D integration and a VLSI- 
compatible process, we fabricated self-aligned Ir02(Hf) 
dual-gate high-K [7]-[9] LaAI03/GOI CMOSFET on 1-Poly 
-6-Metal (lP6M) 0.18pm Si devices. No degradation of 
bottom 0.1 Spm devices was measured due to low RTA. The 
I r 0 2  gate has high 5.1 eV workfunction and 4 orders of 

magnitude lower J, than Si02 at 1.4 nm EOT, which can 
largely reduce the DC power consumption. The control 2D 
110~(Hf)/LaA10~ CMOS on Si have high electron and 80% 
universal hole mobility comparable with the best metal- 
gate/Hf02 CMOS [IO].  The 3D GO1 CMOS had even 
higher electron and hole mobilities than similar devices on 
2D Si. The high max operation voltage (IV,,,J) of 1.2 V for 
a 10 year lifetime at 85°C is comparable with or better than 
HfAlO [ I l l  and HfSiON [I21 devices. The higher 3D 
integration density and 2.2-2.4X better drive current in the 
GO1 transistors are equivalent to device scaling. Thus, the 
3D metal-gatehigh- dGOVSi integration not only reduces 
the AC and DC power consumptions, but also equivalently 
extends CMOS scaling beyond 2D quantum-mechanical 
limit. The low cost process and equivalent scaling in 3D 
GO1 IC may be one of the potential solutions to the rapidly 
increasing fab cost as continuously scaling down. 

Experimental Procedure 

The self-aligned 3D GO1 CMOS was formed by 
PECVD S O 2  deposition on both H+-implanted Ge and 
lP6M 0.18pm MOSFETs, O2 plasma enhanced bonding, a 
smart-cut at 300°C, followed by 400°C annealing and slight 
polishing [3]-[a]. The high-r LaAIO, was deposited.from a 
r=25.1 LaAIO, source. Then 150nm-Ir02 or 150nm-lr02/ 
ISnm-Hf gate was formed on LaAIOl followed by 
self-aligned Pt or B' source-drain implant for n- or p- 
MOSFET, respectively. The activation was done by 500°C 
or 950°C RTA for respective 3D GO1 or 2D Si CMOSFETs. 

Results and Discussion 

(A) 3 0  integration: 

Figs. 1-4 show the 3D structure, S-parameters, measured 
Szi loss, and power loss of 3D interconnects. The total AC 
power consumed by 3D interconnect is the .sum of each 
Cvv2, LiVZ and i'Rf2, which can he calculated from 
S-parameters rather than from complicated CLR distributed 
circuit. The integrating 1 or 2 layers of GO1 CMOS on Si 
ICs can reduce the interconnect distance, signal 
coupling loss and AC power consumption very effectively. 
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Fig. 5 is the picture of 3D GO1 selectively formed on lP6M 
Si device. This is due to the thicker surface profile of -2pm 
M6 in Fig. 6, and Figs. 7-8 are the X-TEM views of bottom 
0.18pm MOSFET and top GOI. The Id-Vd and Id-V, data 
for the lower Si MOSFETs (Figs. 9-10) show minor 
degradation even after a 500°C RTA for top GO1 CMOS. 
(B) Ir02(HJ/LaA103 on 3 0  GOI and control 2D Si CMOS: 

Fig. 11 is the Vm and EOT plot for Ir02(Hf)/LaAI03 
/Si devices after 550-950°C RTA. The I r 0 2  gate has a high 
workfunction of 5.1 eV, close to Ir (5.2 eV), which is 
reduced to 4.4 eV by adding low workfunction 15nm-Hf on 
LaA103. The small lVml decrease with increasing RTA to 
950°C suggests little Ferm-level pinning. Figs. 12-13 show 
the J,-V, of Ir02(Hf)/LaA103 CMOS on Si or GOI. The J, 
is -1OX lower using I r 0 2  than Ir that is most probably due 
to lower metal d i h s i o n  in more thermal-dynamic stable 
I r 0 2  compared with pure metallic Ir. Figs. 14-15 are the 
C-V and identical Ci”, and C,, using I r 0 2  or Ir02iHf 
indicating no gate depletion in CMOS with EOT=I.4nm 
and -4 orders lower J, than S O 2 .  Figs. 16-19 show the 
Id-Vd and kv,  of IrO2(Hf)/LaAIO, CMOS on Si or GOI. 
The Id is a lot higher using GOI, and further increases for 
PMOS on (1 IO)  GOI. Small V, of -0.25V is measured in the 
PMOS devices, reflecting high workfunction and little 
Fermi-level pinning. Figs. 20-21 show the mobility data. 
Good electron and hole mobility of 203 and 67cm’Ns are 
measured in Ir02(Hf)/LaA10,/Si CMOS, comparable with 
the hest metal-gatelHfO2/Si data [IO].  The hole mobility, up 
to -0.8X universal mobility, may he due to the perfect 
match of both oxide gate and oxide high-x, and, excellent 
metal and 02 diffusion bamer of IrOz. The electron and 
hole mobility improved, for Ir02(Hf)/LaA103 on GO1 over 
Si, by l.8X and 3.5X - to 357 and 234 cmZNs. This values 
are close to universal electron mobility and 2.5X higher 
than universal hole mobility at 1 MVicm EeF. Further 
improving mobility beyond GO1 3 possible by integrating 
low temperature processed 111-Vs on 3D IC [13]-[14]. Figs. 
22-24 are the NBTI and PBTI, which are comparable with 
or better than the metal-gate on HfAlO [ I  I ]  or HfSiON [I21 
devices. This may be due to the strong A10 in high- 
K LaA103 but much reduced K in HfAlO or HfSiON for 
better BTI improvement than H D 2  1121. High 1.9 or 1.2 V 
lVmJ at RT or 85OC is obtained from extrapolated NBTI 
(50mV change) for I O  years lifetime. The good 3D CMOS 
may also provide -equivalent scaling extension after 2D 
CMOS approaches the quantum mechanics limit, in 
addition to the advantage of low AC power consumption. 

Conclusions 

We have shown for the first time 3D integrated metal- 
gatelhigh-dGO1 CMOSFETs on 1P6M 0.18pm Si devices. 
The larger Id, higher 3 0  density, shorter interconnects and 4 
orders lower J, in 3D provide low cost solutions to AC and 
DC power consumptions and scaling limitation. 
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. . .  . 
Fig. 1. Schematic of the 3D VLSl with multi- Fig. 2. The equivalent circuit simulated and Fig. 3. Measured S, ,  coupling of I-mm long 
level parallel interconnect lines and GO1 3D EM calculated S, ,  and S,, for Imm long two parallel lines with various spacing kom 
CMOS. The AC power consumes CViJ72 0.5pm spacing parallel lines. The consumed 10 to 60pm using M6. The 3dB coupling is 
LiV2 and PRY2 m parasitic C, L R circuits. AC powers can be calculated by salving CLR the limit since 50% signal loss to 2nd line. 

3 circuit or simply boom S by l-lS,,lz-~S2,~*. 4o MI-," -BefaeBxding 
3.5 
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Fig. 4. Calculated power loss of I-mm long 
O.5pm spaced parallel lines. The 3D 
integration can reduce line length to 0.5-mm 
( I  GOI) or 0.25-mm (2 GO1 layers on Si IC). 

Fig. 5. Piclures of 0.18pm MOSFETs with 
probing pads (M6 and 2pm thicltness). The 
"dark" area on the pad afler bonding is due 
to the selectively bonded Ge by "smart cut". 

Fig. 6. Surface profile (dashed line in Fig. 5 )  
before and after Ge bonding and "smart cut". 
A Ge thickness of 1.6pm is obtained. 

Fig. 8. The cross-sectional TEM of  fig.^ 9. The ld-Vd characteristics of the 
selectively bonded and sman cut Ge-on- 0.18pm MOSFETs beneath 3D GO1 ailcr 
Insulator on pad. Dislocation free and bonding. NO drain current degradation 
smooth GeJSiO, interface are observed. occurs afler processing thermal cycle. 

1.1, . - . ,Gat. I 

' 

Fig. 7. The cross-sectional TEM of lower 
0.18pm MOSFET. 

EOTInm) ' 4.0 4.5 0.0 0.5 1.0 t.5 2.0 0 
Wta Volhw M . . .  

Fig. 10. The ld-VB characteristics of the Fig. 11. The V, and EOT plot for IrO, and Fig. 12. J,-V, of 150nm-IrO,/LaAIO,/Si 
0.18pm MOSFETs beneath 3D GO1 afler IrOJHf gate on LaAlOJSi after different MOSFETs. The J, is much lower using IrOj 
bonding. Near identical I, is measured after RTA condition kom 550 to 95OOC. than Ir gate. 
processing thermal cycle. 
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Fig. 13. The liV, curves of IrO212Onm-Hf or Fig. 14. The c-v characteristics of l10,i Fig. 15. The C-V characteristics of 110, on 
I r 0 2  on LaAIO, MOSFETs an Si or GO1 at z o n m - ~ f  on ~ d . 1 0 ,  gate dielectric n- LaAIO, gate dielectric p-MOSFETs on Si and 

MOSFETs on Si and GOI. 
at 1.4nm EOT. 
1.4nm EOT. The I, is -1O'X lower than SiO, GOI. 
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Fig. 16. The ld-Vd characteristics of k0,I Fig. 17. The h-V, characteristics of kO21 Fig. 18. The ld-Vs characteristics o f  k0,i 
20nm-Hf or IrO, on LaAIO, gate dielectric n- 20nm-Hf Or IrO, on LaAIO, gate dielectric 2Onm-Hf on LaAIO, gate dielectric n- 
and p-MOSFETs on Si. n- and p-MOSFETs on GOI. Higher 4 is MOSFETs on Si or GOI. 

observed than on Si in Fig. 16. 
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Fig. 19. The ld-Vg characteristics of IrO, on 
LaAIO, gate dielectric p-MOSFETs on Si or 
GOI. Low V, of -0.25V is  measured in Si and 
(1 I0)Ge. 

Fig. 20. The electron m o b i l q  of IrO,l Fig. 21. The hole mobility of Ir02 on 
2Onm-Hf on LaAIO, n-MOSFETs on Si or LaAIO, p-MOSFETs on Si or GO]. The 
GOI. The GO1 has 1.8X higher peak electron PMOS on Si and GO1 have 0.8X and'2.5X 
mobility improvement. universal hole mobility at 1 MVIcm E,,S 
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