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Abstract
	NGMS reports the maturation of a novel GaN based 3D transistor with state of the art RF switch performance, named the SLCFET (Super Lattice Castellated Field Effect Transistor), with an RF switch FOM greater than 1.8 THz. The configured process has undergone reliability qualification for production.

Introduction 

	A low loss, high isolation, wideband solid state switch has the potential to be a revolutionary technology enabler in many technology fields, including electronically steered arrays (ESA’s), by combining low loss, high performance RF switching with the reliability, low voltage requirements and operational flexibility of solid state switches. High performance RF switching will provide the low loss, broadband performance that enables both overall RF system re-configurability as well as low loss components for T/R switches, phase shifters, attenuators and true time delay. Together, the net system impact can result in a dramatic decrease in system size, weight, power consumption and cost. The Superlattice, Castellated Field Effect Transistor (SLCFET) RF Switch has been developed in order to fill this need for future wideband RF systems.
	The basic device design for the SLCFET has been described in the literature [1], and is summarized here as a reduction in the on-state resistance (RON) of the device without a proportional increase in its off-state capacitance (COFF). The reduction in the resistance is accomplished by stacking epi layers to provide multiple, parallel conduction paths from source to drain, yielding RON = 0.35 Ω-mm. Coupled with COFF = 0.25 pf/mm, this yields an RF switch figure of merit (FOM) of
 
	
	Most attempts at improving this figure of merit within a given material system tend to yield only modest gains due to the nature of trading between RON and COFF, which results in little overall benefit to performance. This can be seen in Figure 1, which tracks improvements in FCO for various FET based technologies over time, and shows the dramatic improvement the SLCFET provides.	

Process Maturation
[image: ]
Fig. 1. Switch figure of merit for SLCFET versus conventional FET switches over time


[bookmark: _Hlk33614352]	Maturation of the SLCFET process occurred in three general stages: an engineering, proof of concept phase, a development phase to optimize it for yield and uniformity, and a productization phase which improved the manufacturing readiness level (MRL) from 4 to 6 and demonstrated reliability.

I. Proof of concept 

[bookmark: _GoBack]	A process was developed in a research and development fashion to demonstrate the feasibility of the SLCFET concept. Epitaxial growth of the semiconductor, lithography and etch steps, as well as test structures and methodology were all established during this phase. As has been discussed, it is the low resistance of the SLCFET device by which it affords its benefits and so this was the primary consideration in every processing decision. Figure 2 illustrates these considerations with a family of curves which plot RON versus the number of epitaxial layers (channels) for various values of ohmic contact resistance. Early development focused on the epi growth and ohmic contacts since they represent the dominant resistive components in the device. Once an epi process, described below, was established, fabrication methodologies for low resistance ohmic contacts to this novel epi were developed. The impact of improvements to this process are noted in Figure 2, with representative measured values for RON shown to be improving as contact resistance improved to the its current stable value of 0.05 Ω-mm, shown in Figure 3.
	In-house MOCVD capabilities allowed an exploration of the parameter space for epi growth, including the number of layers, thicknesses, compositions, doping levels, and other considerations. All growths were done on 6-H SiC substrates. Figure 4 shows representative sheet resistances versus the number of conducting channels, although variations in other parameters introduced lower order variability. A stable process for producing repeatable films with good electrical and material characteristics was developed and used for subsequent device processing.
[image: ]
Fig. 2. Device RON versus number of channels for various contact resistances.

	As is typical at this stage of product development, there were many lessons learned and improvements made compared to the first device run. In the end multiple circuits demonstrated the technological leapfrog afforded by the SLCFET, although the FOM had not yet achieved 1.8 THz. This was sufficient to generate interest in systems engineers, who recognized the impact an RF switch with this performance could have on their systems

II. Development

	Having demonstrated that the SLCFET concept could be practically implemented, the next step was to make the device more manufacturable through yield and uniformity improvements, and begin to understand and improve its reliability in operation.
	The primary yield detractor during the proof of concept phase was related to one of the critical fabrication processes, and could be detected by CD-SEM. This processing related defect was correlated to electrical characteristics as shown in Figure 5, which compares devices with and without this defect. Output (Id-Vd) curves for the two devices were essentially identical, but the transfer (Id-Vg) curves shown in Figure 5 highlight drain leakage in the device with known defects. Because the defects were detectable by inspection, it was possible to demonstrate that this defect had been completely eliminated by process optimization. This improvement was a major contributor to an overall increase in electric yield.
	Another benefit of the improvements made during development was to reduce the degree of hysteresis between forward and reverse voltage sweeps of the device. This can be seen in Figure 6, which compares hysteresis on a proof of concept device to a device fabricated during development. This also improved dispersion, which will be discussed in the next section. At this point the technology was assessed at TRL/MRL 4.
[image: ]
Fig. 5. I-V curves for two SLCFET devices with and without known processing related defects.

[image: ]
Fig. 4. Epi sheet resistance versus number of channels.

[image: ]
Fig. 3. A stable ohmic contact process yields Rc of 0.05 Ω-mm was achieved and implemented for the production ready process.

	During this phase of product development an increasing number of MMIC designs were produced by a variety of designers, stimulating a robust Process Design Kit (PDK) including Pcells, design rule checks (DRC), layout versus simulation (LVS) capabilities, ADS device models, HFSS modeling, and others.

III. Productization

	The final step in the path to productization was the initiation of a maturation program to improve TRL/MRL from 4 to 6. The approach of the program was manufacturability improvements through targeted lot splits, and process qualification by a demonstration of reliability. It occurred over two phases, where the first phase was focused on lot splits and final process optimizations, whereas the second phase consisted of establishing process uniformity, documentation, and reliability.
	These targeted lot splits finalized the improvements which had begun in the development phase, resulting in
[image: ]
Fig. 6. A reduction in hysteresis of the device was demonstrated in the transition to development.


· Reduction of dispersion to nearly zero
· A doubling of the yield of Single Pole Double Throw (SPDT) switches
· Tightening of performance and uniformity as measured by the FOM and s-parameter data on SPDT switches
	
	Dispersion refers to the difference in device performance between DC and RF conditions, and can be measured via pulsed-IV systems. High levels of dispersion in a device can degrade power output or switching speed in application and is an undesirable characteristic. A variety of surface treatments and films were employed to mitigate this phenomenon, the results of which can be seen in Figure 7. The reduction of dispersion to near zero yields a device with very fast switching speeds (< 25 ns) and settling times (< 250 ns).
	Another benefit of the improvements arrived at by the productization phase was the more than doubling of the yield of a DC-20 GHz SPDT switch, as shown in Figure 8. The cause of the yield increase is shown in Figures 9 and 10, which show a tightening of both s-parameters of the switch (Fig. 9) and the switch FOM (Fig. 10).

Reliability

	A significant portion of the maturation effort was directed at establishing reliability. Because the SLCFET is a unique device structure, it was not clear from the outset that established techniques for compound semiconductors would be appropriate, and some of the work would be to develop a new methodology. In addition, the qualification would directly target the switch application, which spans a restricted region of the IV plane compared to an amplifier. Several package-level tests were established, including operational life tests (OLT), designed to mimic the conditions of a device in operation but not necessarily accelerate failures, and accelerated life tests (ALT), which stress the device to failure, allowing a life-stress model to be established. Both DC and RF tests were conducted.
	Preliminary ALT incorporated conventional 2T and 3T testing, using baseplate temperature to fix the device temperature, as there was no thermal contribution from power dissipation within the device itself. After some early failures, no failures were generated in over 2,000 hours of testing on 20 devices. A similar test that included increased gate voltage for additional stress ran for over 1,000 hours with one early failure. It was deemed impractical to continue with a temperature accelerated test at lower constant-gate voltage stresses.
	Once it was established the temperature was an ineffective way to accelerate failures, it was decided to employ higher gate voltages for this purpose. This is similar to how metal-insulator-metal (MIM) capacitors are reliability tested [2], and is applicable to the SLCFET as it was determined that the primary failure mode was time dependent dielectric breakdown (TDDB). A complicating factor involved in applying this methodology to field effect transistors is the unknown extent of the depletion region in the semiconductor material, which impacts knowledge of the field in the gate dielectric. A unique approach was employed to mitigate this complicating factor, and when the time to failure at elevated voltage was extrapolated to operating conditions, the median time to failure (MTTF) was shown to be greater than 1e6 hrs, as shown in Figure 11.  It should be noted that these devices did not undergo any wafer level stressing to remove the extrinsic subpopulation. DC and RF ALT and OLT, and the development of wafer-level screening to remove the extrinsic subpopulation remain ongoing activities for the technology.
	
[image: ]
Fig. 8. Yield of the SPDT switch more than doubled from proof of concept to the manufacturing process

[image: ]
Fig. 9. Uniformity of s-parameter measurements of an SPDT switch improved from development to the manufacturing process.

Conclusions
	
	From its beginning as a research and development program, to the conclusion of the maturation program, the SLCFET has proven to be the world’s best RF switch technology. Over 30 lots and 200 wafers have been fabricated over the course of the maturation program alone, culminating in a process of record which was qualified in 2019. While efforts to extend performance even further are ongoing and continuous, the now-baseline process is capable of substantial system level benefits in its current form. [image: ]
Fig. 7. Dispersion was reduced to nearly zero on the manufacturing process.
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Fig. 11. Mean time to failure is show to be greater than 1e6 hrs.
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Fig. 10. Switch FOM and uniformity improved from development to the manufacturing process.
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