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Abstract

:

In the current study, the effects of cracks in source field plates (SFPs) on the electrical performance of AlGaN/GaN high electron mobility transistors (HEMTs) are investigated systematically using numerical simulation. In detail, the influence of crack width and junction angle in SFPs on device performance is studied. The results indicate that the SFP structure increases the breakdown voltage of a device, but the occurrence of cracks causes premature breakdown, which is confirmed experimentally by the structural analysis of these devices after breakdown. With an increase in crack width, the electrical performance becomes worse. A beveled SFP architecture is proposed by increasing the angle at the SFP junction to reduce the probability of cracking and enhance the reliability of the device. However, with an increase in bevel angle, the modulation effect of the SFP on the channel electric field is gradually weakened. Therefore, it is necessary to balance the relationship between electrical performance and bevel angle according to the actual demands. This work provides potential support for SFP structural optimization design for AlGaN/GaN HEMTs.
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1. Introduction


Compared with silicon, gallium nitride (GaN) has a wider band gap, higher thermal conductivity and higher electron mobility in AlGaN/GaN heterostructures. At present, GaN-based power and radio frequency high-electron-mobility transistors (HEMTs) show excellent performance and are widely applied in the field of base station communication, aerospace and radar systems [1,2,3,4]. As a core component of the power amplifier (PA) in the radio remote unit of a base station, the failure of an AlGaN/GaN HEMT reduces the product yield, work efficiency and service life, further aggravating the failure rate of PAs.



AlGaN/GaN HEMTs usually work under high-frequency and high-voltage conditions. On the one hand, low-frequency dispersion is induced by traps and has an impact on high-frequency performance [5,6,7]. On the other hand, these devices need to withstand extremely high drain voltages. The electric potential lines gather at either the gate or drain of the device and result in an electric field peak. When the electric field peak is higher than the critical breakdown electric field, avalanche ionization occurs and the device breaks down [8,9]. Therefore, it is necessary to optimize the electric field distribution by designing the device structure so as to improve the breakdown voltage (Vbr). The electrical characteristics of AlGaN/GaN HEMTs can be enhanced by introducing a field plate structure, which brings in a uniform space charge distribution in a lateral direction and, therefore, increases the Vbr [10,11,12,13,14,15]. In a failure analysis and reliability study of AlGaN/GaN HEMTs, cracks are always found at the junctions of the source field plate (SFP). It is reported that these cracks may come from the process of field plate metal deposition on uneven surfaces because of the stresses at these junctions [16,17,18]. However, SFP cracks are potentially risky, and their effects on a device’s electrical performance are still unclear; therefore, further research is urgently needed.



In this work, firstly, an AlGaN/GaN HEMT device with an SFP structure is characterized experimentally after its breakdown, and cracks are found at the junctions of the SFP. Secondly, the effects of these SFP cracks on the device’s electrical performance are studied systematically based on TCAD simulations. Various device structures with and without an SFP and with differing crack widths are simulated and compared. Finally, a beveled SFP architecture is proposed to provide a feasible solution for avoiding cracks and increasing the reliability of AlGaN/GaN HEMTs.




2. Failure Analysis Experiments


During the failure analysis of a commercial AlGaN/GaN HEMT device, a large number of focused ion beam (FIB, Thermo Scientific Helios G4 PFIB UXe DualBeam system) characterizations were carried out after breakdown. The images were acquired at 5 kV and 0.17 nA under secondary electron imaging mode. From scanning electron microscope (SEM) surface morphology, the gate metal at the breakdown points was broken or partially damaged, as shown in Figure 1a. FIB cross-section characterization was carried out at position A, near the breakdown point as shown in Figure 1b. The morphology of the gate metal was partially damaged, and there was a crack in the SFP near the drain side. The SFP broke at the crack and was lifted near the source side. Position B, with a better surface morphology below the breakdown point, was characterized as shown in Figure 1c. The SFP was disconnected, and there were cracks at the junctions above the gate cap. Another position, C (not shown in Figure 1a), on the same gate where no breakdown occurred was also characterized. As shown in Figure 1d, the SFP was still connected, but there was also a trend of cracking at the junctions. It is inferred that the cracks were not caused by breakdown but caused by the SFP deposition process, since there was no crack in the secondary passivation layer between the SFP and the gate cap. In the SFP deposition process, the metal is relatively prone to fracture due to stress [16,17,18]. According to the FIB characterization results, there is a certain correlation between gate breakdown and SFP cracking; however, a further study of the internal mechanism is still needed.




3. Materials and Methods


APSYS (Crosslight, Vancouver, Canada) device simulations were carried out to analyze the detailed electrical characteristics [19]. The simulated AlGaN/GaN HEMT structure with a T-gate is illustrated in Figure 2. The epitaxial layer structure consisted of an n-doped (2 × 1016 cm−3) semi-insulating SiC substrate layer, AlN nucleation layer, GaN buffer layer and GaN channel layer. Above these were an unintentionally doped Al0.3Ga0.7N barrier layer and a SiN passivation layer. Traps with a maximum concentration of 1 × 1017 cm−3 and a relative energy level of 0.45 eV were assigned to model Fe doping in the buffer layer [20,21]. Two-dimensional electron gas was generated using interface and polarization statements, and the electron mobility of 1400 cm2V−1s−1 was used in the simulation. In order to simulate the breakdown mechanism, the Chenoweth law for impact ionization with user-definable parameters was used [22]. The Vbr was defined as the drain voltage when the drain-to-source current reached 1 mA/mm [10,23].



A Schottky contact with a work function of 5.4 eV was used as a gate electrode, and an ohmic contact with a work function of 4.0 eV was used for the source and drain electrodes. For the AlGaN/GaN HEMT with a cracked SFP, the crack height was set as 200 nm, and the width was varied from 0–50 nm in 10 nm step. In addition, the material within the crack was set as air in the simulation. The SiC substrate and source electrode were grounded. For the breakdown simulation, a gate voltage of Vg = −6 V was applied to imitate the off-state situation. The SFP and source electrode maintained the same potential in the simulation. The other main dimension parameters used are provided in Table 1.




4. Results and Discussion


Cracks of different shapes often appear at the junctions of a SFPs, and it is necessary to investigate the effect of different crack widths on a device’s electrical performance. Therefore, simulations of different AlGaN/GaN HEMT structures were carried out. When w = 0 nm, it means an HEMT with a conventional SFP but without a crack. For comparison, an HEMT without an SFP was also investigated. The transfer and transconductance characteristics of these devices are shown in Figure 3a. The drain voltage (Vd) was set to 10 V, and the gate voltage (Vg) was swept from −6 V–2 V. Then, the threshold voltage (Vth) was extracted from a linear extrapolation of the transfer characteristics at the point of maximum transconductance. The presence of an SFP and SFP cracks had little effect on the transfer and transconductance properties of the device. The Vth and the maximum transconductance were about −2.53 V and 227 mS/mm, respectively. As shown in Figure 3b, the Vbr was 160 V at Vg = −6 V for the HEMT without an SFP. For the HEMT with an SFP, when w increased from 0 nm to 50 nm, the Vbr decreased from 261 V to 181 V. This decreasing trend slowed down when w increased to 20 nm. It was seen that the SFP had a positive effect, improving the Vbr. However, once the SFP had a crack, the Vbr considerably decreased. Furthermore, the relationship between Vbr and Vth depending on crack width is depicted in Figure 3c. Figure 3d shows simulated pulsed I-V characteristics with a 1 μs pulse width and a 1 ms pulse period. The quiescent bias point was set as (Vg,q = −6 V, Vd,q = 80 V). In contrast to the static results, the HEMT with a conventional SFP showed a maximum saturated drain current, while the HEMT without an SFP showed a minimum one. The reason for the discrepancy between the dynamic and static I-V characteristics is that the SFP alleviates the high electric field and restrains the trapping in the buffer [24,25]. The appearance of a crack affected the modulation effect of the SFP on the electric field. As a result, the trapping process increased, and the saturated drain current decreased.



In order to find the weak point where the device is prone to breakdown, the impact ionization rates were simulated at their respective Vbr points. Cross-sections of the impact ionization rate distribution for three different AlGaN/GaN HEMT structures are shown in Figure 4. For the HEMT without an SFP and the HEMT with a 20 nm wide cracked SFP, the max impact ionization rate was located at the gate edge of the drain side. However, if there was no crack in the SFP (w = 0 nm), the position of the max impact ionization rate moved to the SFP edge of the drain side, as shown in Figure 4b. High impact ionization rates lead to enhanced carrier generation and early breakdowns of a device [8,9], and the appearance of an SFP decreases the impact ionization rate and changes the distributions at the same time [13,14].



The potential distributions for the three different aforementioned AlGaN/GaN HEMT structures were simulated at Vg = −6 V and Vd = 160 V. The contours for a closeup region, including the gate and SFP, are shown in Figure 5. It was observed that for the HEMT without an SFP, most of the potential lines crowded at the drain side of the gate, as well as in the barrier and buffer layers. Crowded potential lines usually lead to a high electric field and consequently a high impact ionization rate. For the HEMT with a conventional SFP, high potential line density appeared at both the drain side of the gate and the drain side of the SFP, which is attributed to the modulation effect of the SFP [12,26,27]. The potential line densities in the barrier and buffer layers were also lower than those for the HEMT without an SFP. Once the SFP had cracked, some potential lines appeared in the cracked region. The right part of the SFP did not share the same potential as the left part anymore, and its modulation effect finally weakened.



The electric field is also an important parameter which determines the Vbr of an HEMT device [28,29,30]. Therefore, the electric field along the channel before breakdown (Vg = −6 V, Vd = 160 V) is shown in Figure 6. It was found that the electric field peaks all appeared at the gate edge of the drain side. The HEMT without an SFP showed the maximum electric field peak of 1.82 MV/cm. As the w increased, the electric field peak increased from 1.38 MV/cm to 1.70 MV/cm. It is obvious that the Vbr is inversely proportional to the electric field peak. The field plate plays a major role in the electric field, impact ionization rate distribution and the breakdown of the AlGaN/GaN HEMT; however, the occurrence of a crack will reduce the electric field peak inhibition by the field plate. Given this, the wider the SFP crack becomes, the poorer the electrical performance.



As discussed above, the appearance of SFP cracks degrades the electrical performance of AlGaN/GaN HEMTs. In the process of SFP metal deposition, cracks form easily at these junctions due to the steep angle and high stresses [16,17,18]. High stress usually appears at the right-angled corner. When the angle increases, the stress reduces, and, consequently, the cracking tendency decreases [31,32]. Accordingly, we propose a beveled SFP structure (see Figure 7a) since increasing the bevel angle at this junction may relieve the stress and reduce the probability of cracking. A further simulation study investigating whether the rise of junction angle affects the electrical performance of a device was carried out. For convenience, the angle is named θ as illustrated in Figure 7a. When θ = 90°, it means the HEMT with a conventional SFP of which the junction is a right angle. In the following simulations, the total length of SFP was kept unchanged and θ changed from 90° to 162° (90°, 108°, 135°, 149°, 157° and 162°). The same electrical parameter simulations were carried out as in the above study. As an example, a proposed HEMT with an SFP bevel angle of 108° achieved a Vbr of 256 V, which is very close to the HEMT with a conventional SFP. The channel electric field and the cross-sectional impact ionization rate distributions also showed similar results. As shown in Figure 7b, when θ increased from 90° to 162°, the Vbr decreased from 261 V to 201 V. Furthermore, when θ was increased to 135°, the rate of decline in Vbr increased. Even so, the Vbr of 201 V was still higher than that of the HEMT with a 20 nm wide cracked SFP. The channel electric field peak was extracted before breakdown (Vg = −6 V, Vd = 200 V), and it showed an inverse trend compared with the Vbr. With an increase in θ, the distance from the lower edge of the SFP to the channel becomes longer, so the modulation effect of the SFP on the electric field is weakened [12,33,34]. As a result, the beveled SFP reduces the stress and the risk of cracking, but it also reduces the electrical performance of the device.




5. Conclusions


To investigate the effects of cracks in SFPs on a device’s electrical performance, AlGaN/GaN HEMTs with different SFP structures were studied by using simulations. The results show that compared with the HEMT without an SFP, the HEMT with a conventional SFP showed better breakdown and dynamic I-V performances. However, we found that once a crack appeared in the SFP, the device’s electrical performance degraded, and the decreasing trend slowed down when the crack width increased to 20 nm. The physical mechanism was investigated from the aspects of impact ionization rate, potential and channel electric field. The SFP structure effectively alleviated the peak electric field at the gate edge of the drain side, but the crack reduced the effect of SFP undesirably. The beveled SFP structure is a good strategy to reduce the risk of cracking; however, this is at the expense of a device’s electrical indicators. When the bevel angle increases to 135°, the breakdown voltage begins to drop rapidly. Thus, it is recommended to balance these factors according to actual needs, and a bevel angle of no more than 135° is suggested. Field plate technology is simple and compatible with other electric field optimization technologies. These results can be used for fabricating future HEMT devices with SFPs to achieve a high breakdown voltage and high reliability.
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Figure 1. (a) SEM surface image of the AlGaN/GaN HEMT after breakdown; (b–d) SEM cross-section images of different breakdown and non-breakdown points along the same gate as marked in (a). 
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Figure 2. Cross-sectional illustration of the AlGaN/GaN HEMT with a cracked SFP. 






Figure 2. Cross-sectional illustration of the AlGaN/GaN HEMT with a cracked SFP.



[image: Crystals 12 01195 g002]







[image: Crystals 12 01195 g003 550] 





Figure 3. (a) Drain current and transconductance versus gate voltage; (b) off-state drain current versus drain voltage; (c) breakdown voltage and threshold voltage versus crack width; (d) pulsed I-V characteristics for AlGaN/GaN HEMTs without SFP and with SFP of different crack widths. 
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Figure 4. Impact ionization rate contours for AlGaN/GaN HEMT (a) without an SFP; (b) with a conventional SFP; (c) with a 20 nm wide cracked SFP at their respective Vbr points. 
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Figure 5. Potential contours for AlGaN/GaN HEMT (a) without an SFP; (b) with a conventional SFP; (c) with a 20 nm wide cracked SFP at Vg = −6 V, Vd = 160 V. 
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Figure 6. Electric field along the channel for various AlGaN/GaN HEMTs. 
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Figure 7. (a) Cross-sectional illustration of AlGaN/GaN HEMT with a bevel SFP; (b) breakdown voltage and channel electric field peak versus the bevel angle. 
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Table 1. Dimension parameters for simulation.
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	Name
	Value
	Name
	Value





	Source-to-gate distance
	1.7 μm
	Gate foot thickness
	0.05 μm



	Gate-to-drain distance
	4.5 μm
	Gate head thickness
	0.55 μm



	Source/drain length
	1 μm
	Source/drain thickness
	0.2 μm



	Gate foot length
	0.45 μm
	SFP length
	1.7 μm



	Gate head length
	1.25 μm
	SFP thickness
	0.55 μm
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