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Abstract

:

The suitability of GaN PCSSs (photoconductive semiconductor switches) as high voltage switches (>50 kV) was studied using a variety of commercially available semi-insulating GaN wafers as the base material. Analysis revealed that the wafers’ physical properties were noticeably diverse, mainly depending on the producer. High Voltage PCSSs were fabricated in both vertical and lateral geometry with various contacts, ohmic (Ti/Al/Ni/Au or Ni/Au), with and without a conductive n-GaN or p-type layer grown by metal-organic chemical vapor deposition. Inductively coupled plasma (ICP) reactive ion etching (RIE) was used to form a mesa structure to reduce field enhancements allowing for a higher field to be applied before electrical breakdown. The length of the active region was also varied from a 3 mm gap spacing to a 600 µm gap spacing. The shorter gap spacing supports higher electric fields since the number of macro defects within the device’s active region is reduced. Such defects are common in hydride vapor phase epitaxy grown samples and are likely one of the chief causes for electrical breakdown at field levels below the bulk breakdown field of GaN. Finally, the switching behavior of PCSS devices was tested using a pulsed, high voltage testbed and triggered by an Nd:YAG laser. The best GaN PCSS fabricated using a 600 µm gap spacing, and a mesa structure demonstrated a breakdown field strength as high as ~260 kV/cm.
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1. Introduction


PCSSs are a viable alternative to traditional vacuum or gas switches due to their high switching speed, reasonable lifetimes, and high electric field strength depending on the material. Such switches are capable of operating in two modes: (1) a linear “low-gain” mode where all carriers are supplied through photo-ionization and (2) a lock-on “high-gain” mode where the initial carriers are multiplied through an avalanche-like process. To operate in the lock-on mode, a minimum, material-dependent electric field must be applied across the switch, which was originally observed in high resistivity (semi-insulating) GaAs [1], as well as direct bandgap InP [2]. GaN as a direct bandgap semiconductor may be able to operate in either the linear or lock-on mode. Further acknowledging GaN’s wide bandgap (3.4 eV) and high nominal breakdown field (3.3 MV/cm) [3] make it a promising material for the fabrication of PCSSs. While the crystalline quality of GaN has significantly improved within the last few decades, undoped GaN is still nominally n-type with a relatively high free carrier concentration. Usually, Fe, C, or Mn are used as dopants in SI-GaN to compensate for these shallow donors [4]. Such SI-GaN has been proposed for a high breakdown field PCSS operating in the lock-in mode [5,6]. These wafers are commercially available from various vendors, including Kyma, Ammano, and Roditi. The optical, electrical, and morphological properties of these wafers were previously studied by the authors and were determined to be suitable substrates for the fabrication of high breakdown PCSSs [6]. With proper fabrication to reduce the effect of field enhancements, such SI GaN may be able to sustain the high fields necessary to operate in the lock-on mode [7].



Devices were tested using the pulse generator shown in Figure 1. With this setup, an initial 300 ns pulse is generated that is then amplified and stepped up to a maximum of ~58 kV by a 1:12 pulse transformer charging a transmission line through a series of stacked diodes. A 7 ns FWHM Nd:YAG laser is then used to trigger the device 200 ns after the pulse starts, a self-breaking air spark gap is then used to discharge the switch ~50 µs after the voltage is applied to prevent the voltage from being applied across the PCSS for an extended time. More details can be found in Ref. [8].




2. Processing


The switches were fabricated on 10 × 10 mm2 square SI-GaN (0001) wafers using several different processing techniques. Low contact resistivity n-GaN layers were selectively grown on SI-GaN wafers by metal-organic chemical vapor deposition (MOCVD) using a SiO2 mask grown by plasma-enhanced chemical vapor deposition (PCVD) [9]. P-type layers were also grown by MOCVD then patterned using ICP/RIE etching. Metal contacts were then deposited using a resist mask patterned with standard optical lithography and e-beam deposition of Ti, Al, Ni, and Au layers. A final 1 µm thick Au contact cap was sputtered before removing the resist. The contacts were then annealed in N2 for 110 s at 500 °C. Plasma etching techniques were also used to form a mesa structure. All etching was performed using a Cl2 based ICP/RIE system using 200 W ICP, 200 W RIE, 15/3/15 SCCM of Cl2/BCl3/Ar, respectively, and 30 mTorr. After fabrication, the samples were mounted on a PCB, and wire bonding was used to connect the switch to the PCB. The switches were then covered in a dielectric encapsulant to prevent surface flashover.




3. Design


Initial switches were fabricated using a Ti/Al/Ti/Au stack to form ohmic contacts on the bulk SI:GaN, as shown in Figure 2A. These contacts were 2 × 2 mm2 arranged in a square pattern with a 3 mm gap between adjacent contacts allowing for up to four current pathways to be tested per device. Defining the average field amplitude as the quotient of applied voltage and gap size, it was found that switches fabricated in such a geometry have a breakdown average field strength of ~130 kV/cm. This is much lower than the 3.3 MV/cm breakdown field strength of GaN [3], suggesting that a significant field enhancement exists likely at the “triple point” where the GaN, metal contacts, and insulating material meet. Hence, a variety of switch geometries and contacts were implemented to reduce this field enhancement effect. A conductive n-type or p-type GaN layer was added under the metal contacts shown in Figure 2B. This layer helps to reduce the overall contact resistance and assists in lowering the current crowding effect at the edge of the contacts. Using these contacts, a roughly 15% improvement in the breakdown field was observed, with devices holding off fields up to 150 kV/cm.



Adding to the conductive layer, ICP/RIE etching was utilized to form a 1 µm high mesa around the contact, see Figure 2C. This mesa structure was believed to reduce field enhancements at the contact edges. Such etching also removed a layer with elevated impurity concentrations from the active region of the switches. This layer was observed in the SIMS profiles and is limited to approximately the top 700 nm of the wafers [6]. Switches fabricated using such a mesa along with a conductive GaN layer exhibited improved breakdown fields up to ~175 kV/cm.



A modified lateral switch layout was also implemented using the same structure as in Figure 2A, however, with a much smaller gap of 600 µm between the metal contacts. Assuming that there is a roughly constant number of defects per volume in the GaN material, the smaller gap also results in a smaller absolute number of defects, and it was thus possible to charge the devices to higher fields. Ultimately, a 50% increase in the breakdown field was found with ~200 kV/cm.



Finally, mesa etching was also applied to switches with a 600 µm gap spacing shown in Figure 2D. For such samples, no conductive layer was used as it was thought to have less impact on the etched samples. The addition of mesa etching improved the average breakdown field by 100% over the basic 3 mm geometry to ~260 kV/cm.




4. Discussion


All PCSSs tested experienced breakdown at average electric fields on the order of 100 kV/cm. This is much lower than the expected 3.3 MV/cm breakdown field of GaN, and an indication of large field enhancements likely at the contact edges. Electric field simulations were performed using COMSOL for all geometries and are summarized in Figure 3. Samples fabricated using only metal contacts displayed the highest field enhancements with peak fields of ~16.5 times the applied average field within the GaN, shown in Figure 3A. Such switches experienced breakdown at ~130 kV/cm. From the simulation, it is thought to have had a peak field of ~2.1 MV/cm, which triggered a breakdown within the GaN. This is much more in line with the 3.3 MV/cm nominal breakdown field expected of GaN. A summary of the testing results along with simulated peak fields within the GaN can be seen in Table 1.



The addition of a conductive layer of GaN, shown in Figure 3B, reduced the peak electric field within the GaN. While there is still a notable field enhancement near the contact edges, the stressed volume is small as the enhancement is mainly confined to the dielectric near the contacts. The peak electric field was ~13.7 times the applied average field. Again, this implies a peak field within the GaN of ~2.1 MV/cm during breakdown. Mesa etching of the switches also helped to reduce the field enhancement, shown in Figure 3C. The peak electric field of the mesa switches was ~12.5 times the applied average field. With an average breakdown field of ~260 kV/cm, the associated peak field at breakdown is estimated from the simulation to be ~2.9 MV/cm.



The switches fabricated with a shorter 600 µm gap spacing demonstrated significantly higher breakdown fields than the 3 mm gap switches, which is likely due to fewer macro defects present in the active area of the switch and along the contact edges. Such macro defects are common in HVPE-grown bulk GaN. Initial 600 µm switches with only metal contacts experienced breakdown at an average field of ~200 kV/cm; this corresponds to a peak field of ~3.2 MV/cm.



Simulations also revealed that mesa etched switches with a conductive GaN layer greatly reduce the field enhancements within the bulk GaN. However, there is significant field enhancement within the conductive layer. The field enhancement is even higher than that for mesa-etched samples without a conductive layer. As such, the final 600 µm gap samples fabricated used a mesa structure without a conductive layer. The peak field within these samples was ~11.3 times the average field implying a peak field of ~2.9 MV/cm at an average breakdown field of ~260 kV/cm. The addition of the mesa structure in such samples greatly reduced the field enhancements of the switch. The peak field applied, however, was slightly reduced. This is believed to be the result of damage to the surface of the GaN following plasma etching.



Overall, the mesa structure performed the best, with the 3 mm switch holding off voltages up to 52.5 kV, while the 600 μm gap switch came experimentally closest to the intrinsic breakdown field level of GaN.




5. Conclusions


Bulk GaN PCSSs were fabricated with a variety of geometries to increase the average electric field that may be applied across the switch before electrical breakdown. Such geometries serve to reduce electric field enhancements in the GaN at the triple point, where the GaN, contact, and epoxy intersect. A shorter active region of the device was found to improve the breakdown field, which is thought to be due to a reduced number of macro defects within the switch. Conductive GaN layers may be added to improve unetched switches. However, this was found to be unnecessary when using a mesa structure to reduce field enhancements. Bulk GaN PCSSs were successfully fabricated to operate at high electric fields before breakdown at ~260 kV/cm. The bulk SI-GaN used for the switches was found to have had a maximum peak applied field of ~3.2 MV/cm at breakdown, which is close to the 3.3 MV/cm breakdown field of GaN.
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Figure 1. Electrical schematic diagram of pulse charging PCSS testbed (PCB). C10—energy storage capacitor, R13—current limiting resistor, X1—thyristor switch, TX3—step-up transformer with estimated parasitic capacitances C11, C12; L1—parasitic inductance; C8—pulse charged capacitance; R14—bleed resistor; U5, U7—behavior model of PCSS (closing and opening switch action); C9—parasitic load capacitance; R10—50 Ohm resistive load. 
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Figure 2. A cross-sectional view of lateral PCSS fabricated with (A) metal contacts, (B) a conductive GaN layer and metal contacts, (C) a conductive GaN layer and metal contacts with a mesa etched profile, (D) metal contacts with a mesa etched profile. 
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Figure 3. Electric field simulation results for lateral PCSS design showing field enhancements when charged to 100 kV/cm for (A) metal contacts, (B) a conductive GaN layer, (C) a conductive GaN layer and mesa etched profile, and (D) mesa etched profile. 
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Table 1. Summary of testing results for all geometries and the simulated peak electric field at breakdown.
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	Sample Geometry
	Gap Spacing
	Applied Voltage
	Average Field
	Simulated Peak Field





	Metal Contacts
	3 mm
	39 kV
	~130 kV/cm
	~2.1 MV/cm



	Conductive GaN Layer
	3 mm
	45 kV
	~150 kV/cm
	~2.1 MV/cm



	Conductive GaN Layer with Mesa
	3 mm
	52.5 kV
	~175 kV/cm
	~2.2 MV/cm



	Metal Contacts
	600 µm
	12.2 kV
	~200 kV/cm
	~3.2 MV/cm



	Mesa
	600 µm
	15.6 kV
	~260 kV/cm
	~2.9 MV/cm
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