
High-rate ICP Etching for GaN Through-substrate Via of GaN-on-GaN HEMTs
N. Okamoto1,2, A. Takahashi1,2, Y. Minoura1,2, Y. Kumazaki1,2, M. Nishimori1,2, S. Ozaki1,2, 
K. Makiyama1,2, T. Ohki1,2, N. Nakamura2, N. Hara1,2 and K. Watanabe1,2
1Fujitsu Limited and 2Fujitsu Laboratories Ltd.
10-1 Morinosato-Wakamiya, Atsugi, Kanagawa, 243-0197, Japan

naoya_okamoto@fujitsu.com
Phone: +81-46-250-8242
Keywords: GaN-on-GaN, HEMT, Through-substrate via, ICP etching
Abstract


In this study, we have developed a technique for forming GaN through-substrate vias (TSV) using inductively coupled plasma (ICP) dry etching with a gas mixture of Cl2/BCl3. A 91 μm-deep GaN via-hole having a diameter of 80 μm was successfully formed at a high etching rate of 1.5 μm/min and a high etching selectivity of 35. We discuss pillar formation, RIE lag, loading effects and etch uniformity in high-rate ICP etching, which are critical issues related to the yield of via-hole fabrication. Finally, we investigated the effect of GaN TSVs on heat dissipation by thermal simulation.

Introduction
Gallium nitride (GaN) substrates are very attractive for high-frequency and high-power GaN high electron mobility transistors (GaN HEMTs) because of their potential to grow high-quality GaN epitaxial layers due to their very low dislocation density (104–106 cm-2). We have demonstrated significant suppression of current collapse and excellent power characteristics of GaN-on-GaN HEMTs [1]. However, GaN substrates exhibit a lower thermal conductivity (230 W/mK) than the widely used silicon carbide (SiC) substrates (420 W/mK). Hence, we reported on the backside processing of GaN substrates for thermal management of GaN-on-GaN HEMTs last year [2]. We optimized the thermal management of GaN-on-GaN using thermal simulation and found that the temperature rise was minimized at a substrate thickness of 100 m. From these results, we have developed a method for backside processing of GaN-on-GaN such as backgrinding, CMP and dicing. 
GaN through-substrate via (TSV) is a key technology for improving high-frequency characteristics of GaN-on-GaN HEMTs, as in the case with GaN-on-SiC HEMTs [3-5]. This is because GaN TSV reduces the source inductance. However, to our knowledge, there are no reports on 100 m-deep GaN TSVs using high-rate inductively coupled plasma (ICP) etching. It has been reported that the etching rate of GaN is less than about 1 m/min [6]. In this study, we developed a GaN TSV process for GaN-on-GaN HEMTs using ICP etching at a high rate exceeding 1 m/min. 
Experimental procedure

We used GaN (0001) substrates with a dislocation density of less than 5 × 106 cm-2 (SCIOCS product), which were grown by the void-assisted separation (VAS) method with hydride vapor phase epitaxy (HVPE). An electroplated Ni metal mask with diameter openings of 50 to 150 m was fabricated on the backside (N-polar side) of the GaN substrate. Etching experiments were performed using an ICP system that supplied RF (13.56 MHz) power to the ICP coil and platen. Etching in mixtures of Cl2 and BCl3 was carried out. A 10-mm square or 2-inch sample was bonded onto the carrier by a high-temperature resistant thermoplastic adhesive. The backside of the carrier was cooled with helium (He) during etching. The etched samples were evaluated using scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM).
High-rate Via Etching For GaN-on-GaN

Fig. 1 shows an SEM image of a typical 72-m-deep GaN via-hole of 100 m diameter fabricated for 60 minutes at an etch rate of 1.2 m/min. Then, the ICP coil and platen power were set to 2 and 0.2 kW, respectively. The Cl2 and BCl3 flow rates were fixed at 180 and 20 sccm, respectively. The operating pressure was 1 Pa. The anisotropic etching profile has a slightly tapered sidewall with no undercut for the Ni metal mask. The sidewall angle was 83 degrees. In addition, micro-trenches were not observed at the etched bottom of the via-hole. However, pillars were found in almost all via-holes in the samples.

Fig. 2 shows the operating pressure dependence of GaN etching rate and GaN/Ni selectivity for a via-hole with a diameter of 80 m. As the operating pressure increased from 1 to 3 Pa, the etch rate increased from 1.17 to 1.44 m/min while the etch selectivity was maintained above 40. However, the Ni metal mask needs to be thicker than GaN-on-SiC because the etch selectivity is lower than SiC etching (~100) using SF6/O2 mixture [3]. Furthermore, as the operating pressure increased, the number of pillars on the etching bottom surface also tended to increase (Fig. 3). The larger the via opening diameter, the easier it is to form the pillar. This suggests a masking effect by re-deposition of etching by-products. (Fig. 4). In the case of the SiC substrate grown by the sublimation method, the pillars are formed by depositing etching by-products on the sidewalls using the inclusions (Si droplets and Si-rich pits) contained in the SiC substrate as a mask [1], but such pillars are not observed in the case of the GaN substrate grown by the HVPE-VAS method.
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Fig. 1 Cross-Sectional SEM image of a 100 μm diameter GaN via-hole with pillars after 60 minute etching.
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Fig. 2 Operating pressure dependence on GaN etch rate and GaN/Ni etch selectivity in 80-m diameter via-hole.


[image: image3]
Fig. 3 Bird-view SEM image of a GaN via-hole with pillars after 60 min etch: 80 μm diameter; (a) 1 Pa, (b) 2 Pa, (c) 3 Pa, 50 μm diameter; (d) 1 Pa, (e) 2 Pa, (f) 3 Pa

[image: image4]
Fig. 4 Bird-view SEM image of a 150 μm diameter GaN via-hole having a large number of pillars (a) and schematic view of pillar formation mechanism (b).

Next, the RIE-lag effect was investigated as an important problem leading to the non-uniform etch rate, because the stability of the etch rate is also directly related to the yield of the via-hole fabrication. Fig. 5 shows RIE lags after etching for 60 minutes under each operating pressure. By reducing the diameter of the via-hole from 150 to 50 m, the etch rate was reduced to about 90% regardless of the operating pressure. This is due to the geometrical shadowing effect of neutral species such as Cl radicals by high aspect ratio deep holes. This RIE-lag was also observed in SiC etching [4]. In SiC etching, retrograde sidewalls and micro-trenches are observed due to ion scattering caused by charging of the via sidewalls [5]. On the other hand, in GaN etching, no retrograde sidewalls and micro-trenches were observed, suggesting that ion scattering such as Cl+ at the via sidewalls is small. In order to achieve a high yield, it is desirable to unify the opening diameter of the via.

[image: image5]
Fig. 5 Via-hole diameter dependence of etching rate of GaN substrate under each operating pressure.

In addition, as shown in Fig.6, we investigated uniformity across a 2-inch GaN wafer at an etch depth. The etching time was 60 minutes. Then, the average etching depth was 66 m, and excellent uniformity of etching depth within ± 2.8% was obtained in the via-hole having a diameter of 80 m. This indicates that GaN via-hole formation technique by ICP dry etching is suitable for mass production of high-frequency GaN-on-GaN HEMTs. However, the etching rate was slightly reduced to 1.1 μm/min, indicating a loading effect in which the etching rate depends on the opening area of the wafer.

Fig. 7 shows a cross-sectional SEM image of a typical 80 μm diameter GaN via-hole fabricated for 81 minutes with a coil/platen power of 2/0.2 kW and a Cl2/BCl3 flow rate of 180/20 sccm. Deep etching of GaN via-holes with a depth of 91 μm was successfully performed. The etching rate decreased slightly with the aspect ratio compared to the etching for 60 min.

[image: image6]
Fig. 6 Variation in etch depth across a 2-inch GaN wafer.
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Fig. 7 Cross-section SEM image of a 91 m-deep GaN via-hole 80 m in diameter.


The wafer temperature was increased by decreasing the pressure of He that cools the wafer during etching to promote desorption of etching by-products, which is a masking effect. Then, He pressure was reduced to 0.6 in comparison with the conventional one. As a result, the wafer temperature rose over 20 °C.


Fig. 8 shows optical microscopic and SEM images of GaN via-holes etched for 60 minutes at each He pressure. The coil/platen power was 2/0.2 kW, the Cl2/BCl3 flow rate was 180/20 sccm, and the operating pressure was 1 Pa. As a result, the pillar formation was remarkably suppressed, when the He pressure was set to 0.6. However, the etch rate of GaN decreased to 1.1 μm/min and the etch selectivity of GaN/Ni decreased to 25 for a via with a diameter of 80 μm. Therefore, when the etching condition at He pressure of 0.6 was optimized, the etching rate exceeded 1.5 μm/min and the etching selectivity exceeded 35. Fig. 9 shows a cross-sectional SEM image of an 80 μm diameter GaN via-hole etched for 60 minutes under optimized conditions.

[image: image8]
Fig. 8 Optical microscopic and SEM images of a 60 minutes etched GaN via-hole: (a) (b) He pressure 1, (c) (d) He pressure 0.6.

[image: image9]
Fig. 9 Cross-sectional SEM image of an 80 μm diameter GaN via-hole etched for 60 min under optimized conditions.
Via Influence on Heat Dissipation of GaN-on-GaN
The via-hole of GaN substrate which is the cavity affected the heat dissipation characteristics depending on the position, and the influence was analyzed by the thermal simulation. Here, an output power density of 7 W/mm and an efficiency of 70% were set corresponding to the high-frequency power characteristics of the GaN-on-GaN device reported previously [1]. The number of gate fingers (n) was adjusted for each unit-gate-width (Wgu) so that the output power was 50 W. Basically, the simulation structure and thermal parameters are the same as those reported previously [2]. At this time, as shown in Fig.9, via-holes having a diameter of 80 μm were separated from the device active region by 75 μm and disposed at unit-cell intervals including 6 gate-fingers. This configuration can sufficiently reduce the source inductance to operate in the 2.45 GHz ISM-band. The environment was air, 30°C, and 1 atm, and the CuW base plate bottom temperature was kept constant at 30°C.
 Fig. 11 shows a simulated comparison of the Wgu dependence of maximum device temperature between with (■) and without (●) via-holes at various gate-to-gate distances (Lgg). As the result, the device temperature increased to 160 °C at Wgu of 300 μm and Lgg of 30 μm. Furthermore, the configuration of GaN TSV had little effect on the heat dissipation characteristics.

[image: image10]
Fig. 10 Simulated via-hole configuration of a 50 W class GaN-on-GaN amplifier.

[image: image11]
Fig. 11 Simulated comparison of the Wgu dependence of the maximum device temperature between without (●) and with (■) via-holes in different Lgg.
Conclusions

The authors studied high-rate ICP etching for GaN TSVs of GaN-on-GaN HEMTs. GaN via-holes with a depth of 91 μm were successfully fabricated with a high etch rate of 1.5 μm/min and a high etch selectivity of 35. To suppress pillar formation, it was effective to increase the wafer temperature by controlling the helium pressure for cooling. In addition, excellent etching depth uniformity within ± 2.8% was obtained in 2-inch GaN wafer. Thermal simulation showed that the GaN TSVs 75 μm away from the device active region did not affect the heat dissipation characteristics.
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Acronyms

TSV: Through-substrate vias

ICP: Inductively coupled plasma

CMP: Chemical-mechanical polishing
HVPE: Hydride vapor phase epitaxy

VAS: Void-assisted separation

SEM: Scanning electron microscope
CLSM: Confocal laser scanning microscope
RIE: Reactive ion etching
ISM: Industrial-scientific-medical
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