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Abstract

Three approaches to obtain monolithic 3D logic ICs are presented in this paper. RCAT – Process the high temperature on a generic structure prior to layer transfer (LT), and finish with cold processes; i.e., etch & depositions. Gate Replacement (Gate Last HKMG) – Process the high temperature on a repeating structure prior to LT, and finish with ‘gate replacement’ cold processes. Laser Annealing – Use short laser pulses to locally heat and anneal the top layer while protecting the interconnection layers below from the topside heat. These approaches utilize well-known and manufacturing-friendly materials, process steps and device structures.

Introduction

3D-ICs with monolithically stacked transistor layers provide ultra-dense through-silicon connections and short wires. It provides an effective alternative to dimensional scaling and maintaining Moore's Law without dependence on the escalating challenges and costs of lithography and on-chip interconnect, and provides significant additional benefits [1].

Ion-Cut - A Layer Transfer Technology
Single crystal silicon for stacked device layers of monolithic 3D-ICs can be obtained with ion-cut technology, which involves hydrogen implantation, wafer bonding and cleaving (Fig. 1). Ion cut

has been demonstrated below 400ºC [2], and is a volume production qualified process due to its two decades of use for SOI wafer manufacturing. Our estimates reveal that with re-use of substrates, ion-cut would cost about $60 per layer. 
Monolithic 3D Logic

The main barrier to monolithic 3D has been the high temperature of dopant activation (>>600 ºC) required for the creation of high quality mono-crystal transistors. Once an interconnect layer of copper or aluminum has been formed, they should not be exposed to temperatures over 400ºC.

The RCAT process

Fig. 2 describes the "RCAT process" [3], which constructs the RCAT transistors commonly used in DRAM manufacturing since the 90nm node. The RCAT transistor is quite competitive with standard planar transistors [4] and looks like the inverse of a FinFET. As can be seen in Fig. 2, high temperature dopant activation steps are done before transferring bilayer n+/p silicon layers atop Cu/low k using ion-cut. The transferred layers are unpatterned; therefore, no misalignment issues occur while bonding. Following bonding, sub-400ºC etch and deposition steps are used to define the recessed channel transistor. This is enabled by the unique structure of the device. These transistor definition steps can use the alignment marks of the bottom Cu/low k stack since transferred silicon films are thin (usually sub-100nm) and transparent. Sub-50nm diameter through-layer connections can be produced due to the excellent alignment.

The Gate Replacement process
Recently the industry has moved to Hi-K metal gates, and later fully adopted the gate last (gate replacement) approach to avoid exposing the hafnium oxide to high temperature. This could be used for monolithic 3D as illustrated in Fig. 3. First process the dummy gate stack transistors at high temperature on a donor wafer. Than using ion-cut and a carrier wafer, transfer on top of a base wafer. Now perform the gate replacement by removing the H+ damaged oxide and replacing with a HKMG stack using low temperature etch and deposition processes. This flow has one serious limitation - alignment. As the layer transfer process is now been done on a patterned layer, the transfer misalignment of ~1µm would impact the second layer. This misalignment could be reduced in the case of a repeating pattern to the size of the repetition (100s of nm). Additionally, a 'smart-alignment' could be used to further reduce the impact by using two perpendicular strips and a properly placed via as illustrated in Fig. 4   
Laser Annealing process
The process utilizes laser annealing for the 2nd layer transistor activation while the base layers are protected by an upper shield layer as illustrated in Fig. 4. This flow was recently presented [5]. This process is now becoming viable thanks to the fact that fully depleted transistors can be integrated atop thin c-Si layers with relatively straightforward modifications of a gate-last CMOS process flow. The transferred donor layer is processed to form transistors with short pulsed laser exposures providing, for example, annealing of process damages and activation of dopants.  It should be noted that the shield/heat sink layers are useful as Vss/Vdd planes and may also serve as a heat spreader and emf shield. Fig. 5 illustrates the simulated activation heat profile over time, clearly showing that the temperature of the base wafer interconnect layers do not even come close to the 400ºC limit.
Summary
Three independent practical flows have been presented that enable monolithic 3D. One can also mix elements of these flows to form a 'mix process'. These flows utilize well known semiconductor processes and equipment. No new material, equipment, or device needs to be invented. 
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Fig. 1: Ion-Cut Process for stacking single crystal silicon
 (c-Si) layers at less than 400°C
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Fig. 2: (a) A Recessed Channel Transistor (b) Process Flow for Monolithic 3D Logic. Bottom device layer with Cu/low k does not see more than 400ºC. 
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Fig. 3: Process Flow for Gate Replacement Process.
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Fig. 4: Repeating layout and 'smart-alignment' 
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Figure 4:  Schematic of an exemplary 3D-IC stack with shielding layers between stacked active layers, with laser annealing to activate the upper active layers.
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Fig. 5: Temperature excursion of the exemplary 3D IC stack shows that the transferred layer can be heated above 1200(C and bottom protected layers can be less than 200(C.








