Qualification of Wavice Baseline GaN HEMT process with 0.4 um gate on 4” SiC wafers
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Abstract 

The performance and reliability of AlGaN/AlN/GaN HEMT on 4 inch semi-insulating SiC substrate fabricated with baseline GaN HEMT process of Wavice Inc. have been reported. The baseline process of Wavice Inc. includes AlxGa1-xN/AlN/u-GaN/Fe-GaN epi structure with x=22%, Si+ ion implanted and recess etched ohmic, 0.4 um gate length, Ni based gamma Gate, electro plated void free source connected field plate (SCFP), 5 um thick electro plated interconnect metal, 85 um SiC substrate thickness after grinding, through SiC via directly to the source ohmic metal with sloped side wall, 7 um thick electro plated back side metal. To qualify the process technology, 3 non-consecutive lots were produced. DC/RF characterization and a list of reliability tests have been done on randomly selected devices. 
 Introduction
GaN HEMT devices on high purity semi-insulating (HPSI) SiC substrates have been widely used lately for high power high frequency RF applications such as radar systems, satellite communications, and 4G LTE wireless base stations for mobile communications etc. [1] GaN on SiC technology is rapidly replacing its counterpart, e.g., traveling wave tube amplifiers (TWTA), LDMOS and GaAs due to the superior characteristics such as high thermal conductivity, high breakdown voltage, and high power density.[2] Though the technology has been widely accepted by many applications, there still are concerns of early life fails and long term reliability issues. Also, the main failure mechanism of GaN HEMT devices in DC and RF operation is still an active question to be answered. 

To improve the breakdown voltage, SCFP has been widely accepted by many developers. The SCFP reduces the peak electric field under the gate so to increase breakdown voltage and to reduce hot electron trappings. However, the SCFP has been formed by evaporated metal films on top of uneven surface of gate metal, random voids on the side wall of the SCFP have been reported. [3] Though the DC reliability has been reported to be reasonably good, it is expected to have long term reliability issues from this voids if the device is operated in RF or pulse mode which will cause sudden changes in current and temperature through the devices. To improve the mechanical integrity of SCFP, electro-plated Au has been adopted. By optimizing the process, precise control of critical dimension has been achieved. The SEM cross section of the device clearly shows no sign of cracks. 
In addition to the void free SCFP, the baseline process of Wavice Inc., includes Si ion implanted and recess etched ohmic, gamma shaped Ni based gate metal with 0.4 um gate length for S-band applications. The interconnect metal is also electro plated Au with 5 um thickness. After SiNx final passivation is done, the SiC substrate was thinned down to 85 um and the through SiC via with sloped side wall was etched directly to the source ohmic metal. 7 um thick backside Au was electro plated.  
DC/RF performances and a list of reliability test was done successfully on the devices with 3.5 mm gate periphery devices after packaging it with CMC package metal with AuSn eutectic die bonding. 
Fabrication Process
The epi structure was AlxGa1-xN/AlN/GaN = 240 Å A/10Å/2um with x=0.22 and was grown on semi-insulating SiC substrate by Cree Inc. The schematic diagram of the device is shown in figure 1. 
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Fig. 1. The schematic diagram of GaN HEMT device fabricated by Wavice baseline process.
 The ohmic contact was formed on the Si doped GaN epi surface after recess etching the barrier layer. Si doping was done by ion implant. After ohmic process, 0.4 um Gate opening was formed by inductively coupled plasma (ICP) etching through SiNx passivation layer. Ni based Schottky gate metal was formed by metal evaporation and subsequent lift off process. After depositing second SiNx passivation layer, SCFP was formed by Au electro-plating. To compare the integrity of the SCFP, electro plated and evaporated SCFP was fabricated on a same gate topology. Figure 2 shows the SEM cross section of evaporated and electro-plated SCFP. The evaporated SCFP clearly shows random voids in the area where the metal was formed on the side wall of the gate metal. When RF and pulsed electric signals applied to the devices, it is expected to have these random voids will be a potential weak point of the devices especially for GaN HEMT devices for high power RF applications. 
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(a)                                          (b)

Fig. 2. SEM cross section of the device area of (a) evaporated metal and (b) electro-plated SCFP. 

After SCFP was formed, 5 um thick interconnect metal was electro-plated on top of the ohmic contact area and the electrical pads. The final SiNx passivation layer was deposited and the pad opening was defined by ICP. Once the front side process is done, the wafer was thinned down to 85 um and the through via was formed directly to the source ohmic contact. By carefully choosing a combination of ICP etch recipes, a sloped side wall of the through via was achieved. The angle of the via side wall was about 82 degree and the size of the via opening was 30 um x 50 um elliptical shape. The backside metal was 7 um thick electro plated Au. Figure 3 shows a cross section of the via. 

[image: image2]
 Fig. 3. Optical microscope picture of through SiC via with a sloped side wall through 85 ums thick SiC substrate directly contacting to the source ohmic
Results And Discussions
To qualify the technology, 3 lots were processed. After ohmic contact is formed, the transmission line method (TLM) measurement was done on 13 process control monitor (PCM) devices for every wafer.

Figure 4 shows the TLM measurement results of the ohmic contact. The average of sheet resistivity and specific contact resistivity were 432 (/□ and 7.4 x 10-7 ( cm2.
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Fig. 4. TLM measurement results of Si implanted and recess etched ohmic contact. (a) sheet resistivity in (/□ and (b) specific contact resistivity in ( cm2.
Once the whole process is done, DC and RF performance test were done. Figure 5 shows the distribution of a few key DC parameters. 
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Fig. 5. Distribution of leakage current measured at Vg=-8V and Vd=10V of (a) drain and (b) gate in A/mm. And (c) the maximum drain current at Vd=10V and Vg=2 V in A/mm and (d) the threshold voltage at Vd=10V and Id=1 mA/mm. The gate width of the device was 750 um.
The average value of drain and gate leakage current at Vd=10 V and Vg=-8 V was 62 uA/mm and -73 uA/mm, respectively. From the transfer characteristics with 10 V of drain voltage, the maximum drain current at Vg=2V and threshold voltage defined as a gate voltage when drain current reaches 1 mA/mm were measured about 910 mA/mm and -2.45 V, respectively. 

The small signal RF performance and load pull large signal RF test were done for a small number of PCM devices on each wafer. The key DC and RF parameters are summarized in Table 1.

TABLE1
DC and RF Performance from Parameter Analyzer, Small Signal RF and Load Pull Large Signal Test on 350 um x 2 Gate Width Devices.
	Test Type
	Parameter
	Test Condition
	Unit
	Typical

	DC
	Gm_max
	Vd 10V
	mS/mm
	250

	
	Imax
	Vd 10V, Vg 2V
	mA/mm
	950

	
	Idlkg
	Vd 10V, Vg -8V
	mA/mm
	0.1

	
	Idlkg_150
	Vd 150V, Vg -8V
	mA/mm
	0.3

	
	Iglkg
	Vd 10V, Vg -8V
	mA/mm
	-0.1

	
	Iglkg_150
	Vd 150V, Vg -8V
	mA/mm
	-0.3

	
	Vth
	Vd 10V
	V
	-2.7

	RF
	ft
	Vd 40V
	GHz
	19.0

	
	fmax
	Vd 40V
	GHz
	41.5

	
	Gss
	Vd 50V, Class B at 
Pin 10 dBm, 3.5 GHz
	dB
	16.5

	
	Gp
	
	dB
	15.0

	
	Psat
	Vd 50V, Class B at
PAE_max, 3.5 GHz
	W/mm
	8.0

	
	PAE_max
	
	%
	53


The Reliability tests were done on the devices with 3.5 mm (350 um x 10) gate periphery. The devices were packaged in a Cu/Mo/Cu metal plate with Au:Sn=8:2 eutectic bonding at 320 ℃. After wedge bonding of 1 mil thick Au wire, the devices were lidded with ceramic cover. The packaged devices were examined by confocal scanning acoustic microscopy test (C-SAM) for voids. The devices were optically inspected, and DC/RF tested before and after stress. Table 2 shows the list of reliability tests and the results. All the tests were selected following the guidelines of US military standard and JESD documents. 
Figure 6 shows the Arrhenius plot from the 3-temperature accelerated life test (ALT). The junction temperature was measured by comparing pulsed and continuous wave (CW) DC IV characteristics at various temperatures. The failure criterion was 10% degradation of Idmax. 1.59 eV activation energy and 4.3x106 hrs of mean time to fail (MTTF) were achieved at 225 ℃ junction temperature. Figure 7 shows the voltage and current on the gate monitored during 1000 hrs of high temperature operating life (HTOL) test on 132 devices. The stress condition was Vd=50V and Id=0.4 A at 259 ℃ junction temperature. Very stable device operation was confirmed and there was no failure after 1000 hrs of stress. From this HTOL, the failure in time (FIT) was calculated as 625 at 225 ℃ junction temperature with 60 % confidence level. 
TABLE 2
The list of Reliability Tests, Test Conditions, Test Results and Reference Documents.
	Test
	Description
	Condition
	Results
	ref

	DPA
	Visual Inspection
	Optical Microscope
	Pass
	MIL-STD-883G

	ED
	Electrical Test
	DC/RF Characterization
	Pass
	MIL-STD-883G

	BPS
	Bond Pull Strength
	Bond Pull Stress
	Pass
	MIL-STD-883G

	TC
	Temperature Cycling
	T_low=-65 ℃, T_high=150 ℃, 500 cycles
	Pass
	JESD22-A104-B

	ESD-HBM
	Human Body Model ESD
	Electro-Static Discharge Test
	Class 1B
	JESD22-A114-D (HBM)

	ESD-CDM
	Charge Device Model ESD
	Electro-Static Discharge Test
	Class IV
	JESD22-C101-C (CDM)

	HTST
	High Temperature Storage Test
	150 ℃, 1000h
	No Fail
	JESD22-A103

	ALT
	Accelerated Life Test
	3 Temperature Test
	Ea=1.59 eV
	MIL-STD-883G

	HTOL
	High Temp. Operating Life
	V_D=50V,  Tj=259 ℃, 1000h
	FIT 625
	JESD22-A108

	HTRB
	High Temp. Reverse Bias
	V_D=150V at pinch off, Tc = 150 ℃ , 1000h
	No Fail 
	JESD22-A108-B; 3X VDQ
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Fig. 6. The Arrhenius plot from 3 temperature ALT test. The test was done at 294, 333, 372 ℃ and 27 devices were stressed at each temperature. CB-Confidence bound, 90 %. PDF-Probability Density Function. Log normal statistics was used, and the activation energy was 1.59 eV.
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Fig. 7. The HTOL data for 132 devices. The stress condition was 50 V drain voltage and 0.4 A drain current. The gate current and voltage were monitored during 1000 hrs of stress at 259 ℃ junction temperature. 

Conclusion

In this report, high performance and excellent reliability test results were on GaN HEMT devices with 0.4 um gate length aiming for S-band high power RF applications fabricated by using Wavice reference process on 4” SiC wafers. The DC and RF performance showed reasonably good characteristics up to 4 GHz frequency. The list of qualification tests were done on 350 um x 10 gate periphery devices and it confirms the devices are very robust and reliable at 50 V drain voltage operations even at very high temperature for a prolonged period of time. The device model and design manual has been released so the technology is ready to provide foundry service.  
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