Comparison of various gate dielectrics on the performance of AlGaN/GaN HFETs
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Abstracts

We report a comparison of various gate dielectrics including SiO2, Si3N4, ZrO2 and Pb(Zr, Ti)O3 (PZT) on AlGaN/GaN  heterojunction field-effect transistors, deposited by PECVD,  MBE, and sputtering respectively. In terms of I-V characteristics, maximum drain-source current could be enhanced under positive gate voltage and the reverse leakage current level decreases by orders of magnitude. In terms of DC measurements, very thin SiO2 layers can improve performance, which may be due to the passivation effect to remove surface states. No significant difference exists between control and the Si3N4 and ZrO2 samples. Slightly reduction in transconduction is observed on the sample with PZT probably because of the much thicker layer was utilized. The thickness of insulator layers examined from C-V measurements reveals a better crystal quality can be obtained by PECVD deposition. While the RF S-parameters measurements shows the PZT gate dielectric brings the highest cut-off frequency or the lowest gate capacitance confirmed also by C-V data, which makes it a better candidate for microwave applications. 
I. Introduction
The GaN-based metal-insulator-semiconductor heterojunction field-effect transistor (MISHFET) is a promising device with significantly decreased gate leakage current and increased break down voltage over the conventional metal-on-semiconductor HFET, making the device suitable for high power applications. Different insulator materials such as SiO2, Si3N4, Al2O3, ZrO2, AlN and HfO2 have been examined and discussed respectively in [1] – [6]. The dielectric layer under the gate will affect the DC performance of the transistor by reducing the transconductance as well as the gate capacitance. On the other hand, some insulators can serve as surface passivation layers to reduce the density of surface states, leading to smaller current collapse effect[6],[7]. The RF performance of MISHFET is often reported to exceed that of normal AlGaN/GaN HFET[1],[8]. The state-of-the-art MISHFET has demonstrated current gain cut-off frequency (fT) of 181 GHz and maximum oscillation frequency (fmax) of 186 GHz by using an ultra-thin Si3N4 gate dielectric layer[9]. The improvement of RF performance might be ascribed to the screening of the Coulomb scattering from the charged surface defects by the dielectric layer[10].  However, the question of which insulator is the best material still stands. High dielectric constant (κ) materials such as ZrO2 and PZT have more potential by providing less gate capacitance and the ability to use thicker layers to further reduce leakage current. But the imperfection of the material quality due to different crystalline structure and large lattice mismatch between the high-κ insulators and GaN, and the difficulty of integrating them into nitride device fabrication processes are the major obstacles to be overcome.   

In this report, we made a systematic comparison between MISHFETs with different insulator layers, namely SiO2, Si3N4, ZrO2 and PZT. All the MISHFETs utilize the identical heterojunction layer structures and fabrication technology. The electrical prosperities of the MISHFETs are characterized in terms of Hall, C-V, I-V and RF S-parameters measurements.

II. Material Growth and Device Fabrication
The Al0.25Ga0.75N/GaN heterojunction layer structure was grown on c-sapphire by low-pressure metal-organic chemical vapor deposition (MOCVD). A 200 nm insulating AlN buffer layer was grown first at 1050 ºC, followed by a 3 µm un-doped GaN buffer and a thin AlN spacer with thickness ~1- 2 nm. Next the 20 nm Al0.25Ga0.75N barrier layer was grown, intentionally doped with Si to 8×1017 cm-3, followed by a 2 nm un-doped GaN cap layer. The buffer layer crystal quality characterized by x-ray diffraction (XRD) showed a FWHM of 5 arcmin and 9 arcmin on the (0 0 2) and (1 0 2) planes. Hall measurement using Van der Pauw configured Ti/Al/Ti/Au ohmic metal contacts on the epilayer were performed. This resulted in an electron sheet concentration of 9.0×1012 cm-2 and mobility of 1100 cm2/Vs at room temperature. 

The transistor device was then fabricated, starting with Ti/Al/Ti/Au (30/100/30/50 nm) metallization for source/drain pads. Devices were rapid thermal annealed at 850 ºC for 1 minute in N2 ambient to form ohmic contacts, followed by a 200 nm mesa isolation by using BCl3 RIE. During the conventional MISHFET fabrication[10],[11], very thin SiO2 or Si3N4 gate dielectrics could then be deposited in a low temperature CVD system before gate metallization. The short deposition time, low growth temperature and low power will not degrade the ohmic metal of the devices. However, the deposition of high-κ dielectric materials such as ZrO2 and PZT requires active oxygen plasma source and much higher growth temperatures (~600 ºC), which will ruin the devices by quickly oxidizing the ohmic contacts. To address this problem, we proposed and optimized a fabrication procedure shown in Figure 1. Prior to the dielectric growth, a thick (~200 nm) amorphous SiO2 layer was selectively deposited on the top of source and drain contacts by e-beam evaporation. This protects the metal during the insulator deposition. The 3 nm SiO2 and Si3N4 were deposited by plasma enhanced chemical vapor deposition (PECVD) at 300 ºC; the 2 nm ZrO2 was grown by molecular beam epitaxial (MBE); the 50 nm PZT was grown in RF magnetron sputtering system. The growth details can be found in [12]-[14]. Then, the samples were re-patterned so that the channel area was covered by photoresist, and etched in CF4 RIE system to remove the SiO2 protection layer. After cleaning, at last gate pattern was defined and a Ni/Au (30/50 nm) gate was deposited. 
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Figure 1. Fabrication procedures for MISHFETs
III. Characterization and Discussion
As examined by the transmission line measurement (TLM), the ohmic contact property does not degrade after the insulator deposition – the average ohmic contact resistance before and after the fabrication processes remained the same at about 3 Ω∙mm. Therefore it proved that the SiO2 protection layer works effectively. Also, a test sample that followed these procedures but removed the gate dielectric before gate metallization showed the same saturation current and pinch-off voltage, compared with conventional fabricated HFET control sample, so the deposition of gate insulator does not damage the channel notably. 

 Figure 2 shows the typical Ids-Vds and gate leakage current characteristics on all control and MISHFET samples at room temperature. The data are all from devices with gate length/width of 2/40 μm and source-drain spacing of 6 μm. For the control sample, positive gate bias will induce significant leakage current that limits the input signal’s dynamic range, while all MISHFETs shows orders of magnitude in decrease of leakage current. Si3N4 and PZT samples show similar leakage current range as low as 10 pA at -8 V gate bias, but it is worth mentioning that the uniformity of Si3N4 sample is better than PZT sample, showing a higher crystal quality achieved by the PECVD system.  
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Figure 2. Typical leakage current and IV characteristics on control and all MISHFETs samples 
The control sample shows good pinch-off and saturation properties. The reduction of the drain-source current is due to the self-heating. All MISHFETs can be applied up to +5 V gate bias without notable leakage current except the ZrO2 sample. Under +3 V gate bias, the maximum current level can be enhanced, with the best reaching 700 mA/mm on the SiO2 sample. Compared with the control sample, some of the MISHFETs also show higher saturation current at the zero bias, probably because of the passivation effect. No increase, except the PZT sample, in pinch-off voltage is observed for the MISHFETs due to the use of very thin dielectrics layers.   
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Figure 3. Drain current and transconductance at Vds = 3V on control and all MISHFETs samples
Under the fix drain bias (+3V), the dependence of drain-source current on the gate bias and the transconductance properties of all FETs are shown in Figure 3. It is found that the thin Si3N4 and ZrO2 gate dielectrics samples have a slightly reduction in transconductance, while the threshold voltage is unaffected as compared with control sample. The SiO2 gate dielectric improves both the transconductance and the saturation current by around 10~15 %, probably caused by the effectively removing of surface states. On the other hand, transconductance drops from 170 mS/mm to 120 mS/mm on PZT sample, which is considered as the result of the larger separation between the gate and the 2DEG channel with the presence of dielectrics. However, considering that the thickness of PZT is much larger than the other insulators, the decrease in transconductance is less significant due to the high- κ nature of PZT.  
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Figure 4. (a) C-V measurements at 1 MHz; (b) current cut-off frequency obtained from RF S-parameter measured at 2GHz ~ 20 GHz
Figure 4 (a) shows the C-V measurements at 1 MHz on control and MISHFETs samples with the same dimension. A sharp transition could be observed at the threshold voltage consistent with the values obtained from I-V measurements. For MISHFETs, at the 2DEG accumulation stage, the total capacitance can be expressed as: 
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(1)

Under the zero gate bias condition, the thickness of insulators and the total capacitance are related by: 
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(2)

The dielectric constant for AlGaN and the insulators used in this study are listed in Table 1, along with the calculated and experimental (estimated from the calibration growth) thicknesses of each material. Note that the dielectric constant of PZT is strongly dependant on the growth conditions[15], hereby we took a estimated average value of 200. The SiO2 and Si3N4 thicknesses show agreement between calculated and experimental data, while the calculated PZT and ZrO2 thicknesses are much larger. This may be accounted by the reduction of the actual dielectric constant, due to the different crystallization conditions of those high- κ materials on GaN. The on-wafer S-parameters of the devices were measured with HP 8510B network analyzer system up to 20 GHz. The drain bias was set around 6~7 V and gate bias used 2~3 V on different samples. As seen form Figure 4 (b), the cut-off frequency (fT), corresponding to the zero gain value of h21, of all MISHFETs are enhanced with the highest one achieved by PZT sample. Notice that the transconductance of PZT sample is lower, therefore the gate capacitance of it needs to be even smaller to increase fT, which is consistently observed from C-V data shown in Figure 4 (a). 

	
	ε
	Experimental (nm)
	Calculated(nm)

	AlGaN
	8.9
	30
	-

	SiO2
	3.9
	3
	2

	Si3N4
	7.5
	3
	9

	ZrO2
	20
	2
	32

	PZT
	200
	50
	700


Table 1. Dielectric constant, experimental and calculated thickness of all insulators 

IV. Summary
AlGaN/GaN heterojunction field-effect transistors with different gate insulators layers were successfully grown and fabricated. The obstacle of ohmic contact degradation during high temperature deposition in order to get high quality insulator layers was overcome by utilizing SiO2 protection layers. TLM measurements confirmed that good ohmic contacts were maintained despites the processes.  With the help of gate insulators, the reverse-bias leakage current could be dramatically reduced as compared with the normal devices, reaching 10 pA for Si3N4 and PZT samples.  The drain-source saturation current increases when applying forward gate bias, and almost doubles on the SiO2 sample, which also shows slightly higher transconductance probably due to the passivation and removal of the surface states. PECVD deposition can provide better insulator material quality, proved by thickness calculation from C-V measurements. Large variations between calculated and experimental thicknesses on ZrO2 and PZT layers indicated their imperfection of crystallization conditions on GaN surface. RF measurements showed a higher cut-off frequency can be obtained on PZT MISHFET, consistent with the lowest capacitance as measured. With a much thicker layer that can be applied as gate dielectric, high-κ PZT material is a good candidate for MISHFET on microwave applications. 
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