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In this work we present a systematic study on the conduction properties in vertical GaN trench MISFETs grown and manufactured on different free standing GaN substrates. It is shown that devices manufactured on ammonothermal substrates have superior conduction current density higher than 4 kA/cm2, specific on‑state resistance as low as 1.1 ± 0.1 mcm2 and channel sheet resistance of 19.6 ± 0.9 mm. It is further shown that scaling these devices to large gate periphery is not limited by current spreading in the drift region, low channel mobility or by self‑heating. The conduction properties of devices manufactured on ammonothermal GaN substrates are found to be the most suitable for pulsed laser driving applications.[image: ]
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Fig. 1. (top) Vertical GaN trench MISFET schematic cross section. (bottom) Schematic compact pulsed laser assembly on top of the vertical GaN MISFET and its circuit drawing of the inductive loop.

Introduction
	Vertical GaN based field effect transistors for high voltage power switching applications have the potential to outperform Si and SiC based competitors in terms of power density and switching speed [1‑3]. In this work the development of vertical GaN MISFET technology is focused on pulsed laser driving applications with maximum voltages < 100 V (shown in Fig. 1 (top)). Drivers for pulsed lasers are required to deliver very high currents up to 250 A in very short pulse lengths between 3 ns to 10 ns [4]. GaN MISFETs are in particular suited for realizing the required very steep current slopes due to their low output capacitance and gate charge figure‑of‑merits, COSS × RON and QG × RON. Further, the vertical GaN transistor topology enables a compact assembly of the laser diode die directly on top of the GaN transistor die to achieve an ultimately small current loop inductance (see Fig. 1 (bottom)) in the laser drive circuit. The enhancement‑mode trench MISFET concept is chosen since the n‑p‑n- epitaxial structure grown on GaN substrates as well as the manufacturing process are relatively simple in comparison to other vertical GaN technologies [3]. Furthermore, this vertical device concept allows for aggressive device scaling and therefore enables high current densities per unit area. On the other hand, the channel conductivity under inversion conditions is limited by low mobility, low carrier density and high insulator channel interface defect density. The purpose of this particular work is to evaluate the conductivity properties in the GaN MISFETs grown on different types of GaN substrates. Device layouts with different active area sizes and gate scaling densities are studied and used to compare the specific conduction properties typical for each substrate.
Epitaxial growth and device manufacturing
	Three different conductive 2 inch GaN substrates are chosen for the comparison; HVPE substrates from two different vendors, wafer “A” and wafer “B” and one ammonothermal substrate from a third vendor, wafer “C”. The epitaxial layers are identically grown on the different wafers by metalorganic vapor phase epitaxy (MOVPE). The epitaxial stack consists of 3.2 µm n+‑GaN:Si drain substrate contact layer, 5.3 µm n‑‑GaN:Si (ND = 1.4 × 1017 cm‑3) drift layer, 300 nm p‑GaN:Mg (NA = 1.5 × 1017 cm‑3) blocking layer followed by 500 nm n‑GaN (ND = 1 × 1018 cm‑3) source cap. The device process starts with etching the top GaN layers down to the top of the drift layer defining the gate channel side walls, (see SEM micrograph in Fig. 2 (bottom)). Then, the device process sequence follows the “ohmic contacts first” concept. The selection of this processing sequence is due to thermal budget of the gate insulator oxide layer. For simplifying a wafer level electrical characterization, an additional top side drain ohmic contact (shown in Fig. 1 (top)) is formed on the wafer front side along with the source ohmic contact in a coplanar pad configuration (see Fig. 3 (inset)). After a BHF and a TMAH dip followed by an in-situ remote NH3-plasma pre-treatment at 400°C to remove dry-etch surface damages, 25 nm Al2O3 gate insulator is deposited by plasma enhanced ALD at 250°C on the trench sidewall. For vertical trench sidewall conformal coverage of the gate electrode, a TiW film is sputtered and reinforced with 1 µm of electroplated Au. All source ohmic contacts are then connected using a 2 µm Au electroplated layer which also forms the coplanar contact pads. Source and gate interconnects are insulated by 500 nm SiNx. For electrical properties evaluation, four device types with different gate width and gate density per unit area were prepared; 10.2 mm, 20.4 mm and 40.8 mm gate width “finger” type devices with a gate density of ~113 mm / mm2 and 32.0 mm gate width hexagonal‑cell design with ~305 mm / mm2 gate density (see Fig. 2 (bottom)).
Devices characterization[image: ]
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Fig. 2. (top left) Wafer level median bidirectional pulsed transfer characteristics measured for the different GaN substrates. (top right) Wafer level median bidirectional pulsed output characteristics measured for wafer “C”. For this comparison cellular hexagon transistors with WG = 32.0 mm are measured with pulsed gate and drain PW = 200 µs. The arrows indicate the measurement sweep direction and the error bands are 25 % and 75 % quantiles. (bottom) a SEM micrograph of a 6 µm cell‑pitch cellular hexagon transistor captured during its process.

a. Comparison between the GaN substrates
	After process completion, the devices are electrically characterized using Keysight B2902A precision source / measure unit [5]. It applies simultaneous 200 µs gate and drain pulses. Fig. 2 summarizes the wafer level median bidirectional sweep transfer characteristics of the 32 mm hexagonal vertical GaN MISFETs measured on the three different substrates. The particular high current density obtained on the ammono‑thermal GaN substrate is clearly seen. While wafer “A” and wafer “B” show maximum current density of more than 1300 A/cm2 and 2600 A/cm2 respectively, wafer “C” shows wafer median of more than 4000 A/cm2. The evaluated threshold voltage and specific ON‑state resistance are [6.42 ± 0.45 V, 1.6 ± 0.1 mcm2], [4.75 ± 0.89 V, 1.3 ± 0.1 mcm2] and [4.28 ± 0.20 V, 1.1 ± 0.1 mcm2] for wafer “A”, wafer “B” and wafer “C” respectively. The gate current for all devices is below the detection limit of this particular measurement scheme of 0.1 µA. 
b. Active area scaling
	For comparing active area size and gate density scaling devices from wafer “C” are shown. Similar relations were observed on the other wafers as well. Fig. 3 shows the wafer level median transfer characteristics in absolute values (top), with the current density normalized to the gate width, WG, (middle) and with the current density normalized to the active area (bottom). It is observed that the absolute output current increases with gate width, however the increase is not proportional. From Fig. 3 (bottom) it can be seen that the threshold voltage is independent of the gate width. Furthermore, the current density in the semi ON‑state up to ~100 mA / mm, is similar for all devices. However, the current density reduces for highly scaled devices with large gate periphery. A similar proportion is seen for the areal normalized current density for the “finger” type devices, shown in Fig. 3 (bottom). On the other hand, by increasing the gate areal density by a factor of 3 using the hexagonal design, the areal current density increases in a similar ratio. This may indicate that the current density suppression due to scaling‑up the active area is caused by external resistive elements to a large extent and is not related to effects of the internal device such as current spreading, limitations in the drift region or low channel mobility. Self‑heating is not a dominant effect since the current density per active area (Fig. 3 right) of the hexagon transistor (with the highest gate density per area) is much larger than for the finger‑type transistors. Fig. 4 shows the absolute RON scaling of devices obtained from the three different wafers under investigation as a function of the reciprocal gate width, WG. This representation is equivalent to the lateral transmission line method. The ON‑state resistance may be then represented in the vertical‑channel geometrical dimensions in the form of:
	
	(1)


where ch is the channel resistivity, lch and Wch are the channel length and width, and the average intrinsic channel sheet resistance is defined as:
	
	(2)


From the linear fittings slope the average intrinsic channel sheet resistance, , is evaluated and from the intercept the sum of the average sum of the extrinsic series resistances, , is evaluated. The fitted intrinsic channel resistance and the extrinsic serial resistance are [40.0 ± 0.8 ∙mm, 0.66 ± 0.05 ], [24.0 ± 0.8 ∙mm, 0.62 ± 0.05 ] and [19.6 ± 0.9 ∙mm, 0.44 ± 0.06 ] for wafer “A”, wafer “B” and wafer “C” respectively. The source resistance, the drift region resistance, the front‑side drain monitoring ohmic contact resistivity (shown in Fig. 5) and the internal measurement system resistance accuracy [5] are the main contributors to the sum of extrinsic series resistances.

Discussion and Conclusions
	Vertical GaN trench MISFETs with superior conductivity properties are desired to fulfill the large current density requirement for short pulsed laser driving applications. A comparison of devices, grown and manufactured on different GaN substrates, shows significant differences of carrier transport properties in the respective transistors. Devices manufactured on the ammonothermal GaN substrate (wafer “C”) show superior conductivity properties over both HVPE substrates. In addition, devices manufactured on HVPE wafer “B” own significantly better conduction properties compared to HVPE wafer “A” from a competitive commercial source. One possible root cause for the superior conductance of devices manufactured on the ammonothermal GaN substrates is the low defect density, in terms of EPD < 5 × 104 cm‑2 and the narrow FWHM (002) of the X‑ray rocking curve of ~20 arcsec of the ammonothermal substrate which allows low dislocation defect density epitaxial growth. For comparison the HVPE substrate specifications provided by the vendors are ~ 110 arcsec for wafer “A” and ~120 arcsec and EPD < 5 × 106 cm‑2 for wafer “B”. Here, although both HVPE wafers specifications are similar a large difference in the channel conductance is observed. Dislocations in the GaN substrate are likely to propagate in the crystal during homo‑epitaxial layer growth. High defect density in the upper epitaxial layers may result in two major effects: a modified channel / insulator interface surface due to the trench dry etching process and increase of channel trap density that consequence in carrier trapping. Both effects may result in reduction of the inversion charge carrier density and reduction in the channel mobility. Evidence for these effects are reduced conduction current, increased threshold voltage, increased RON and increased channel sheet resistance in devices manufactured on HVPE GaN substrates.[image: ]
Fig. 3. Wafer level median bidirectional pulsed transfer characteristics measured for the different devices with increasing active area size and density (top) absolute measured current values (middle) normalized current to the device gate width (bottom) normalized current to the device active area size. For this comparison transistors from wafer “C” are measured with pulsed gate and drain PW = 200 µs. The arrows indicate the measurement sweep direction and the error bands are 25% and 75% quantiles. (inset) monitoring test transistors vertical GaN trench MISFETs layout with different active area size and density.
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Fig. 4. Wafer level absolute RON as function of the reciprocal scaling of transistor gate width, WG, for the different wafers compared. The error bands are the upper and the lower 95% fitting confidence level.
[image: ]
Fig. 5. (left) Output characteristics and (right) transfer characteristics of an identical WG = 40.8 mm transistor from wafer “C” measured in co‑planar quasi‑vertical drain compared with true vertical drain measurement configuration. (inset) Evaluation of RON from pulsed gate and drain conductance measurement for the two drain configurations where VGS = 14 V.
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Acronyms
GaN: Gallium Nitride 
MIS: Metal Insulator Semiconductor 
FET: Field Effect Transistor
RON: FET ON‑state resistance
COSS: MISFET Output capacitance
QG: FET total Gate charge
BHF: Buffered Hydrofluoric Acid
TMAH: Tetramethylammonium hydroxide
ALD: Atomic Layer Deposition
HVPE: Hydride Vapor Phase Epitaxy
MOVPE: Metal‑Organic Vapor Phase Epitaxy
S, D, G: Source, Drain and Gate terminals
EPD: Etch Pit Density 
FWHM: Full‑Width at Half‑Maximum
PW: Pulse Width
SEM: Scanning Electron Microscope
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