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Abstract

:

AlGaN/GaN Schottky barrier diodes (SBDs) with high Al composition and high temperature atomic layer deposition (ALD) Al2O3 layers were investigated. Current–voltage (I–V), X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM), and capacitance–voltage (C–V) measurements were conducted in order to find the leakage current mechanism and reduce the reverse leakage current. The fabricated AlGaN/GaN SBDs with high Al composition exhibited two orders’ higher leakage current compared to the device with low Al composition (20%) due to large bulk and surface leakage components. The leakage current measured at −60 V for the fabricated SBD with Al2O3 deposited at temperature of 550 °C was decreased to 1.5 μA, compared to the corresponding value of 3.2 mA for SBD with nonpassivation layer. The high quality ALD Al2O3 deposited at high temperature with low interface trap density reduces the donorlike surface states, which effectively decreases surface leakage current of the AlGaN/GaN SBD.
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1. Introduction


III-nitride-based materials and devices with their ternary solid solutions are very capable to apply the promising candidates for optoelectronics with wide range wavelength as well as high power electronic devices [1,2,3,4,5]. Due to the superior material properties such as wide bandgap and high electron peak velocity, AlGaN/GaN devices exhibit high breakdown voltage and very fast switching speed. Their advantages are very important to adopt high power switching systems, including converters and inverters for heavy motors, electric vehicles, and ships [4,5,6], in order to reduce the size of the whole power systems caused by simplifying the power conversion system.



The high Al composition in AlGaN/GaN heterostructure is appropriate, thanks to higher 2DEG density and thus larger on-current. However, it deteriorates the reverse leakage currents related to large density of the surface states [7]. These surface states also are strongly involved in the severe current collapse of the AlGaN/GaN-based devices, which considerably degrades the device reliability plus the device performance [8,9,10]. In order to eliminate the problems related to the surface states, various methods such as surface passivation (SiNx, SiO2, HfO2, SiCN, and Al2O3), wet chemical treatment, plasma treatment, and postdeposition annealing have been investigated [11,12,13,14].



In this article, prominent reduction of leakage current for the AlGaN/GaN Schottky barrier diodes (SBDs) is reported by utilizing high Al composition of AlGaN barrier and an effective surface passivation with a high-temperature atomic layer deposited (ALD) Al2O3 layer. This passivation layer would greatly decrease the lateral surface leakage current through the trap-assisted tunneling.




2. Experiments


In order to fabricate the AlGaN/GaN SBDs investigated in this work, the AlGaN/GaN heterostructure on 4-inch sapphire substrates was grown by using a metal organic vapor deposition (MOCVD) machine. The epitaxial structure for the AlGaN/GaN heterostructure was composed of (i) a 30 nm-thick GaN initial layer, (ii) a 3 μm-thick GaN buffer layer with highly resistive property, and (iii) a 25 nm-thick AlGaN barrier layer. The growth temperature for the GaN initial layer was 950 °C and then increased to 1100 °C for growing the following layers. Trimethylgallium (TMGa) as the Ga source, trimethylaluminum (TMAl) as the Al source, ammonia (NH3) as the N source, and hydrogen (H2) as a carrier gas, respectively, were used. The gas pressure was maintained at 300 Torr. The gas flow rates were typically set to 9/12 slpm (standard liters per minute) for NH3/H2 and 170 μmol/min for TMGa, respectively [15].



For device fabrication, first of all, a 30 nm-thick Al2O3 layer was deposited on the grown AlGaN/GaN heterostructure using plasma-assisted ALD to protect the surface. From Hall effect measurement of the as-grown sample without the Al2O3 layer, the electron mobility of 1500 cm2/V·s and the electron concentration of 1.0 × 1013 /cm2, respectively, were obtained. After the passivation of the Al2O3 layer, the electron mobility decreased to 1380 cm2/V·s, whereas the electron concentration increased to 1.2 × 1013 /cm2. In order to isolate the device, the active regions were defined by photo lithography and then the Al2O3/AlGaN/GaN layers except active regions were etched by inductively coupled plasma reactive ion etching (ICP-RIE) using a BCl3/Cl2 gas mixture. After opening a contact hole for the cathode, a Ti/Al/Ni/Au metal layer as the ohmic contact was deposited by an electron-beam evaporator and followed by rapid thermal annealing at 850 °C for 30 s in N2 ambient. Finally, the Al2O3 layer in the anode region was fully removed by ICP-RIE using the same gas mixture and then the Ni/Au for the anode was deposited as a Schottky metal. The Al2O3 layer under both cathode and anode regions was slightly over-etched with a slow etch rate to ensure the contact holes as well as to minimize the plasma etching damage. Figure 1 shows the schematic view of the fabricated AlGaN/GaN SBD.




3. Results and Discussion


3.1. Effect of Al Composition on Characteristics of AlGaN/GaN SBDs


Figure 2 shows the reverse leakage current of the SBDs at −60 V according to the radius of the anode electrode. The radius of the Schottky anode contact on the AlGaN barrier layer is changed from 70 to 130 μm with a fixed distance of 20 μm between the anode and the cathode. The leakage current of the AlxGa1−xN/GaN SBD with x = 0.2 presents at least two orders’ lower value compared to those of the devices with x = 0.3 and 0.4. It is also interesting that the leakage current of the device with x = 0.2 exponentially increases with the anode area of the SBD (IR ∝ R1.9, R: radius). However, the leakage currents of the devices with x = 0.3 and 0.4 are considerably higher, but are approximately proportional to the perimeter of the anode area of SBD with dependence of approximately R1.2 ~ R1.3.



To analyze the leakage current mechanism, the circular-type SBDs in the inset of Figure 2a have two leakage components: (1) bulk leakage current induced by electrons tunneling through the AlGaN barrier layer and (2) the surface leakage current caused by the surface states of the unpassivated AlGaN layer. Considering the anode area of SBD becomes zero, total leakage current consists of only the surface leakage current. The surface leakage current is estimated from the y-intercept of Figure 2 and linearly increases with the increased radius of Schottky contact (the dashed lines of IR ~ R1.0 in Figure 2) because the space area between the anode and the cathode is linearly increasing. On the other hand, the bulk leakage current is clearly observed from the difference of surface leakage current on total leakage current (grey color in Figure 2). From the radius-dependent variation of leakage currents, the device with x = 0.2 is dominated with the bulk leakage component in vertical direction, whereas the surface leakage component for the other devices prevails.



In order to further investigate the large bulk leakage current for the device with higher Al composition, the X-ray photoelectron spectroscopy (XPS) spectra was measured at the surface of AlxGa1−xN (x = 0.2, 0.3, and 0.4), as shown in Figure 3. As increasing Al composition, both intensity ratios for (Ga−O)/(Ga−N) and (Al−O)/(Al−N) enhance, which indicates that the AlGaN layer easily absorbs the oxygen atoms according to the high Al composition. Because the oxygen impurity plays a role of donorlike states in the AlGaN material, the surface of the AlGaN layer is leaky [16,17]. These donors also narrow the AlGaN barrier, which leads to an increase in the electron tunneling probability and thus deteriorates the reverse bulk leakage current in the inset of Figure 3.



In addition, the high Al composition leads to large V-shaped defect (dark spot) density in the AlGaN layer due to the huge lattice mismatch between the AlGaN and GaN layer [6,18,19]. While the Al composition is 20, 30, and 40%, the corresponding defect density increased to 2, 20, and 80 × 108 /cm2, respectively, as shown in Figure 4. The estimated average size of dark spots for AlxGa1−xN (x = 0.2, 0.3, 0.4) were also about 8, 20, and 100 nm, respectively. In AlGaN layers grown on the GaN layer, the size and shape of dark spots were affected by the threading dislocation in GaN buffer, Al composition in AlGaN, tensile strain, and growth conditions, which would increase the probability of the trap-related tunneling and thus impact the bulk leakage current [20].




3.2. High Temperature Al2O3 Dielectric Layers


For obtaining the improved interface properties between Al2O3 and GaN as well as the good dielectric property of Al2O3 itself, 30 nm-thick Al2O3 dielectric layers were deposited on 2 μm-thick undoped GaN layer with varying the deposition temperature from 350 °C to 550 °C. Figure 5a shows the current–voltage (I–V) characteristics of Al2O3/GaN metal-insulator-semiconductor (MIS) capacitors. The diameter of the inner circular contact and an interelectrode distance is 40 μm and 20 μm, respectively. The leakage current of the diode with Al2O3 passivation layer deposited at 350 °C was measured as 30 nA at 20 V, much lower than that of the reference diode without the passivation layer (10 μA). Moreover, when the temperature increases to 550 °C, the leakage current is further decreased to 0.1 nA.



The chemical properties of the Al2O3 films according to the deposition temperature were investigated by XPS, as shown in Figure 5b. The XP spectra of Al2O3/GaN samples can be achieved by Ar+ ion gun etching and measuring in a sequence. The obtained results show that the peak position of the Al 2p for all samples is located 74.3 eV, consistent with that of crystalline Al2O3 (sapphire) [21], which indicates that the Al–O bond is dominant in the atomic configuration of Al2O3. On the other hand, the sample deposited at 350 °C exhibits lower Al 2p peak than those of the other samples and also a satellite peak near the binding energy of 76 eV. This explains that the different chemical state such as AlOx may exist in the sample deposited at 350 °C due to the insufficient thermal energy, which leads to the degraded device performances such as severe hysteresis and high current collapses [22].



Figure 6a shows the capacitance–voltage (C–V) characteristics of the Al2O3/GaN MIS capacitors measured at 1 MHz including the calculated ideal curve (the dashed line). The effective fixed charge (Qeff) in the dielectric layer is determined by the parallel shift of the measured curve compared to the ideal one using the following equation,


       Q    eff   =  C  dielectric     Δ V   FB    



(1)




where the capacitance of the dielectric layer per unit area of Cdielectric, and the flat-band shift of the measured flat-band voltage from the ideal curve of ΔVFB [6]. The calculated flat band capacitance, CFB = Ksε0/LD (where LD is Debye length) for the Al2O3 layer deposited at 350 °C, 450 °C, and 550 °C is 160 nF·cm−2, 172 nF·cm−2, and 185 nF·cm−2, respectively. The corresponding values of the estimated VFB shift were −0.65 V, −0.4 V, and −0.02 V, respectively, which results in Qeff of −2.85 × 1012 cm−2, −1.7 × 1012 cm−2, and −1.2 × 1011 cm−2, respectively. As the deposition temperature increases, the Qeff results in the decreased fixed charge density at the interface and hence higher VFB shift in MIS capacitors.



Figure 6b shows the distribution of the interface state density (Dit) at the Al2O3/GaN interface calculated by the Terman method [23].


       D    it   =    C  ox    q   (      dV  G      dQ  S    − 1  )  −    C s   q  =    C  ox    q      d Δ V  G      dQ  s     



(2)




where the electronic charge of q, the applied gate bias of VG, the surface potential of QS, and the shift of the measured gate voltage, (VG,measured), from the ideal value, (VG,ideal) of {ΔVG = (VG,measured) − (VG,ideal)} [7]. The corresponding surface potential is used to determine the position of the interface states in the bandgap. The estimated interface trap density at 0.4 eV below Ec was 4.5 × 1012 cm−2·eV−1, 5.2 × 1011 cm−2·eV−1, and 1.7 × 1011 cm−2·eV−1 for the Al2O3 layer deposited at 350 °C, 450 °C, and 550 °C, respectively. This clearly indicates that high temperature ALD deposition passivation is effective in decreasing the interface states.




3.3. I–V Curves of the Fabricated AlGaN/GaN SBDs


Even though the AlxGa1−xN/GaN SBD with x = 0.2 mitigates the reverse leakage current, it demonstrated the reduced on-current and low switching speed with the severe radius-dependent variation of leakage currents (Figure 2a) [24]. Therefore, the as-grown AlxGa1−xN/GaN layer with x = 0.3 was used to fabricate the SBD. However, it still suffered from large bulk and surface leakage currents. The bulk leakage current can be improved by applying large work function metal or using wide bandgap material as a barrier layer [14]. To alleviate the surface leakage current, a 30 nm-thick Al2O3 dielectric layer with the deposition temperature of 550 °C was deposited on the AlGaN/GaN SBD. The reference sample without Al2O3 layer was also prepared.



Figure 7 showed the I–V curves of the fabricated AlGaN/GaN SBDs (the radius of anode of 200 μm and the distance between the anode and the cathode of 20 μm). The forward turn-on voltages of about 0.8 V for the fabricated SBDs with/without the Al2O3 layer were exhibited in Figure 7a. The I–V curves were evaluated using the following equations [25]:


  I =  I 0   [  e x p  (    q V   n k T    )  − 1  ]    w i t h    I 0  = A  A *   T 2  e x p  (    − q  Φ B    k T    )   



(3)




where the ideality factor of n, the thermal energy of kT, the Schottky barrier height of ΦB, the contact area of A, and the effective Richardson constant of A*. The extracted ideality factor was 1.63 for the SBD without passivation layer, but it was reduced to 1.41 for the SBD with Al2O3 passivation layer, which is believed to be due to the reduced surface leakage current.



The leakage current of the SBD without passivation layer was as high as 3.2 mA at −60 V, while the leakage current of the SBD with Al2O3 passivation layer was dramatically decreased to 1.5 μA, as shown in Figure 7b. It is attributed that the high quality Al2O3 layer deposited at high temperature decreases the oxygen absorption into the AlGaN layer from air exposure, which is related to the reduction of the leakage current of the SBD, as mentioned before. Moreover, the surface states on the AlGaN surface without passivation layer are responsible for the surface leakage current. After deposition of the Al2O3 passivation layer, most donorlike states were occupied and thus the surface leakage current suppresses.





4. Conclusions


To reduce reverse leakage current in SBDs, we have proposed, fabricated, and characterized an AlGaN/GaN-SBD with high Al composition and high temperature (550 °C) deposited Al2O3 passivation layer. The fabricated device showed a nearly 3-fold reduction in the leakage current compared to the reference device without the Al2O3 passivation layer. The effective surface passivation with a high temperature Al2O3 layer attributes to greatly reducing the surface leakage current caused by the suppression of the donorlike surface states. The proposed SBD has a great potential in electronics for applying the high power switching systems.
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Figure 1. A schematic view of the proposed Schottky barrier diodes (SBD), including epitaxial layers and thickness. 
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Figure 2. Reverse leakage current for AlxGa1−xN/GaN SBD with Al composition of 0.2 (a), 0.3 (b), and 0.4 (b) at −60 V according to size of Schottky diameter. The inset of (a) shows the schematic illustrations of SBDs with various radius of Schottky contacts including vertical and lateral leakage current path. 
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Figure 3. Intensity ratios of [Ga−O]/[Ga−N] (left Y-axis) and [Al−O]/[Al−N] (right Y-axis) as a function of the Al composition. The inset shows the schematic energy band diagrams of metal/AlGaN and tunneling probability of the electrons through the narrowed barrier width at reverse bias. 
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Figure 4. Atomic force microscope (AFM) images of the AlGaN surface according to Al compositions of (a) 20%, (b) 30%, and (c) 40%. 
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Figure 5. (a) Current–voltage (I–V) characteristics of diode and (b) X-ray photoelectron spectroscopy (XPS) depth profile analysis of Al2O3/GaN interface by varying the atomic layer deposition (ALD) growth temperature from 350 °C to 550 °C. 
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Figure 6. (a) C–V characteristics of the Al2O3/GaN MIS capacitor and (b) interface state density distributions of the Al2O3/GaN MIS capacitors by varying the ALD growth temperature from 350 °C to 550 °C. 
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Figure 7. (a) Forward and (b) reverse I–V curves of the AlGaN/GaN SBDs with and without ALD Al2O3 passivation layer deposited at 550 °C. 
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