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Abstract

:

Atomic layer deposited AlGaN with different AlN and GaN pulse ratios (2:1, 1:1, and 1:2) was used to prepare AlGaN/GaN Schottky diodes, and their current transport mechanisms were investigated using current–voltage (I–V) and capacitance–voltage (C–V) measurements. Under low reverse bias condition, the sample with the pulse ratio of 2:1 was explained by Poole–Frenkel emission and the negative temperature dependence for the sample with the pulse ratio of 1:2 was associated with the acceptor levels in the AlGaN layer. Fast interface traps at 0.24–0.29 eV were observed for the samples with the pulse ratios of 1:1 and 1:2, whereas bulk traps at ~0.34 eV were observed for the sample with the pulse ratio of 2:1. Higher trap densities were obtained from the C–V hysteresis measurements when the pulse ratios were 1:1 and 1:2, indicating the presence of a charge trapping interfacial layer. According to the X-ray photoelectron spectroscopy spectra, the pulse ratio of 2:1 was found to have less oxygen-related defects in the AlGaN layer.
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1. Introduction


Owing to the two-dimensional electron gas (2DEG) formation, AlGaN/GaN structures have been employed to obtain high electron mobility transistors (HEMTs) [1,2,3,4]. For an AlGaN/GaN HEMT, a gate contact with a high Schottky barrier is desirable to reduce gate leakage current and increase breakdown voltages. In scaled down AlGaN/GaN-based devices, the AlGaN barrier should have high Al composition in order to attain high power levels during the high-speed operation [5]. However, strong polarization field as well as high surface state density cause high gate leakage current in these devices [6]. Hence, minimizing the gate leakage current is highly required to enhance the AlGaN/GaN HEMT device performance. In this respect, much research has been carried out to explain the current transport mechanisms governing the leakage current.



Gate leakage current in Al0.28Ga0.72N/GaN HEMTs has been found to increase with the increase of barrier thickness [7]. According to an analytical model for forward bias gate leakage current in an AlGaN/GaN metal–oxide–semiconductor HEMT (MOSHEMT), it was observed that Poole–Frenkel (PF) and trap assisted tunneling (TAT) emission are responsible at a high temperature (T > 388 K), whereas TAT emission becomes dominant at a low temperature (T < 388 K) [8]. PF mechanism was found to rule the conduction through the NiO dielectric layer with an emission barrier of 0.2 eV in AlGaN/GaN diodes [9]. The temperature-dependent reverse leakage currents in Al2O3/Al0.55Ga0.45/GaN structures were associated with the PF emission, related to trap states with activation energies of 0.71, 0.49, and 0.41 eV for high, mid, and low bias regions, respectively [10]. The reverse leakage current for AlGaN/GaN HEMTs with N2 plasma was found to be lower than HCl/H2O solution, which was associated with the shallow traps and the recovery of the Ga–N bond [11].



The most widely used growth technique for obtaining high-quality III-nitride layers is metalorganic chemical vapor deposition (MOCVD) [12]. However, this method employs high growth temperatures (~1000 °C), and thus is incompatible with the complementary metal–oxide–semiconductor (CMOS) technology, temperature-sensitive devices, and flexible substrates. Accordingly, the atomic layer deposition (ALD) growth of III-nitride layers and optimization of the growth process have been researched. Ozgit-Akgun et al. reported on plasma-enhanced ALD-GaN grown at 100–500 °C [13]. Shih et al. reported GaN growth on a Si substrate by remote plasma ALD [14]. Still now, most works have been carried out to investigate ALD grown AlN [15,16,17]. However, ALD growth of AlGaN without the aid of plasma has rarely been investigated [18]. In our previous work, we grew 5 nm thick AlGaN on GaN and investigated the electrical properties of AlGaN/GaN structures [19]. However, the AlN and GaN pulse ratio was fixed as 1:1, thus the effect of AlN and GaN pulse ratio on the AlGaN/GaN structure has not been studied systematically. Therefore, we prepared ALD-AlGaN on GaN substrate with different AlN and GaN pulse ratios and investigated the current transport and charge trapping mechanisms in AlGaN/GaN Schottky diodes.




2. Materials and Methods


As a starting material, we used an n-type, c-plane (0001) GaN substrate (thickness: 325 μm, carrier concentration: 1 × 1017 cm−3). After removing the native oxide layer in an HCl/H2O (1:1) solution, GaN samples were loaded into a thermal ALD chamber (Atomic classic, CN-1, Gyenggi-do, Korea) to grow about 10 nm thick AlGaN thin films at 335 °C. The ALD reaction for AlN subcycle was composed of TMA feeding (0.5 s), N2 purge (5 s), NH3 feeding (5 s), and N2 purge (60 s). Similarly, GaN subcycle was composed of triethylgallium (TEG) feeding (0.3 s), N2 purge (5 s), NH3 feeding (5 s), and N2 purge (60 s). Here, incorporation of GaN for AlGaN films was enabled by combining ALD reactions of AlN and GaN films at different pulse ratios such as 2:1, 1:1, and 1:2 (denoted as samples A, B, and C, respectively). According to Auger electron spectroscopy (AES, ULVAC-PHI, Kanagawa, Japan) analysis, the composition ratios between Al and Ga for all the samples were found to be about 34:6, which corresponds to Al0.85Ga0.15N. Detailed experimental results and its growth mechanism, together with the explanation for the similar composition ratios regardless of the pulse ratios, will be published elsewhere.



In order to characterize the electrical properties, AlGaN/GaN diodes were fabricated with 50 nm thick Pt Schottky contacts (diameter: 500 μm) and a 100 nm thick Al back contact. Figure 1a shows the schematic layer structure of AlGaN/GaN Schottky devices and the prepared AlGaN layers with different pulse ratios of AlN and GaN. Current–voltage (I–V) characteristics were measured at different temperatures with a Keithley 238 current source (Aldermaston, UK) and capacitance–voltage (C–V) characteristics were measured using an HP 4284A LCR meter (Hewlett Packard, Palo Alto, CA, USA). Figure 1b–d show the atomic force microscopy (AFM, Park Systems, Suwon, Korea) images for the AlGaN layer measured over 2 μm × 2 μm scan areas. The root-mean-square roughness (rms) values for samples A, B, and C were found to be 0.96, 1.98, and 1.19 nm, respectively. The surface became rougher for sample B, as compared with samples A and C. Depth resolved X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, Kanagawa, Japan) measurements with sputter etch treatment were carried out using a monochromatic Al Κα X-ray source to observe the chemical reaction near the AlGaN/GaN interface.




3. Results


Figure 2 shows the I–V data measured at different temperatures. The increase of reverse current values with increasing the temperature was observed for sample A. This was not observed for samples B and C. In addition, the forward I–V curves for narrow voltage range in the inset in Figure 2c showed the occurrence of crossover at ~0.5 V. Using the thermionic emission (TE) model [20], both the Schottky barrier heights (SBHs) and ideality factors at each temperature were calculated, which are shown in Figure 3. For samples A and B, the ideality factor increased with the temperature. This indicates that the diode quality degraded and other transport mechanisms such as tunneling currents contributed to the current flow. For sample C, the ideality factor decreased and the barrier height increased over the whole temperature range, which can be associated with the lateral barrier inhomogeneity [20].



To clarify the dominant transport mechanism under reverse bias condition, the Poole–Frenkel (PF) emission model was considered first, given by [9,21]


  ln ( J / E ) = m ( T )  E  1 / 2   + b ( T ) )  



(1)




with


   m ( T ) =  q  k T      q  π  ε 0  ε       ,   b ( T ) = −   q  ϕ t    k T   + ln C   



(2)




where ε is the relative dielectric permittivity of the gate material at high frequency, ε0 is the permittivity of free space, qϕt is the electron emission barrier height, and C is a constant. For sample A, PF emission was applied to low, mid, and high bias regions (denoted as regions I, II, and III, respectively, in Figure 2a). As an example shown in Figure 4a, the linear fits to the ln(J/E) versus E1/2 plots for region I (−1–−3.5 V) produced both m(T) and b(T) values at each temperature. The dielectric constants for AlN and GaN at high frequency are known to be 4.77 and 5.35, respectively [21], implying that the dielectric constant of AlGaN would be an intermediate value between them. According to the m(T) values shown in Figure 4b, ε was found to be 6.05, which is comparable to the theoretical value. This means that the PF emission is an appropriate current transport mechanism at the low bias region. Using the values of b(T) shown in Figure 4c, qϕt was obtained as 0.93 eV, implying that the defect states localized at 0.93 eV below the AlGaN conduction band are related with the PF emission. This value is similar to the value of 0.9 eV in the previous work on AlGaN/GaN Schottky diodes [22]. It was shown that threading screw dislocations forming trap states with an activation energy of 0.9 eV is the dominant leakage current source in GaN-based devices [23]. Deep level transient spectroscopy studies showed that the electron traps with activation energy of 0.9 eV are associated with extended defects, such as threading dislocations [24]. It is probable that a continuum of electronic states owing to threading dislocations might contribute to the PF emission at the low bias region.



Similarly, PF emission was applied to regions II and III for sample A, and the dielectric constants were found to be 10.02 and 208.38, respectively. These are higher than the theoretical value of the AlGaN layer, indicating that PF emission is inappropriate to explain the current transport. Hence, trap assisted tunneling (TAT) was considered instead. In this model, the current conduction at reverse bias voltage occurs by electron tunneling through the traps existing in the AlGaN barrier layer and the current density for TAT is expressed as [25].


  J ∝ exp   −   8 π   2 q  m *      3 h E    ϕ t  3 / 2      



(3)




where qϕt is the trap energy level. As shown in Figure 5a, the plots for sample A are composed of two linear regions (denoted as regions II and III in Figure 2a). From the linear fitting to the data, the trap energies at each temperature were obtained, which are shown in Figure 5b. At room temperature, the trap energies were 0.58 and 0.83 eV for regions II and III, respectively. Two trap energies for AlGaN/GaN HEMT were found to be 0.35 and 0.58 eV [26]. The trap energy level in AlGaN/GaN on GaN substrate was deduced to be 0.6–0.7 eV [27], considered to result from the dislocations and nitrogen vacancy (VN) [28]. The energy levels of oxygen substituting for nitrogen (ON) were found to be 0.61 [29] and 0.8 eV [30]. These energy levels are similar to the values of 0.58 and 0.83 eV. Meanwhile, the donor levels at 0.2, 0.5, and 0.9 eV observed in AlN were related to nitrogen vacancies [31]. Although the exact origin is unclear at the present moment, we speculate that ON- and VN-related defects might be responsible for TAT. These trap energies were also found to decrease with the temperature, indicating the temperature enhanced TAT. With the increasing temperature, the electrons have a higher thermal energy, and thus the effective trap energy decreased [32].



As shown in Figure 2b, the reverse current density for sample B is almost constant regardless of the temperature. In this case, PE emission was not appropriate, thus we applied TAT emission to sample B. As shown in Figure 6a, the plots are composed of two linear regions (regions I and II are also indicated in Figure 2b). The obtained trap energies at each temperature are shown in Figure 6b. At room temperature, the trap energies were 0.32 and 0.58 eV for regions I and II, respectively. The variance of the trap energies was not significant compared with sample A. In addition, both samples A and B showed that the extracted trap energies are higher at the high bias region than those at the low bias region. This is because, when the electric field is low, the electrons may tunnel through the trapezoidal barrier. As the reverse bias increases, the electrons may tunnel through the triangular barrier [33].



In the TAT mechanism under the high bias region, electrons with an activation energy Ea are thermally activated to the trap states in the barrier layer and tunnel through the barrier. Ea is the activation energy from the Fermi level to trap states. As shown in Figure 2a, the reverse leakage current densities for sample A increase with the temperature, indicating that a thermally activated process is associated. Figure 7a shows the plots of current density versus 1/kT at each bias voltage for sample A. The inset in Figure 7a shows that the extracted activation energies are negative (i.e., positive temperature dependence).



Figure 7b shows the current density at each reverse bias for sample C. At the mid and high bias regions, the current values are almost the same regardless of the temperature, implying that tunneling is the dominant transport mechanism. However, the decrease of reverse leakage current with the increase temperature was observed at the low bias region (−1–−3 V). The positive activation energies at each bias (i.e., negative temperature dependence) were obtained, which are shown in Figure 7b. Arulkumaran et al. found that, in AlGaN/GaN HEMTs, the leakage current decreased with an activation energy of +0.61 eV up to the temperature of 80 °C, and they attributed this to the occurrence of deep acceptor initiated impact ionization [34]. The two-dimensional device simulation in InAlAs/InGaAs HEMTs revealed that the increase of surface trap density at the recess region between gate and drain enhanced the weak impact ionization at low bias voltages [35]. Studies on the influence of various cap layers in AlGaN/GaN HEMTs have shown the following positive activation energies (i.e., negative temperature dependence of drain leakage current). One is deep acceptor-related trap level at +0.395 eV in the HEMTs without cap layers, and the other is two activation energy levels at +0.143 and +0.064 eV in the HEMTs with p-GaN cap layers owing to the effect of Mg atoms (acceptors) [36]. As a result, the decrease of leakage current with increasing the temperature was associated with the deep acceptor initiated impact ionization. In other words, the acceptor levels in the AlGaN layer for sample C might cause the negative temperature dependence in the gate leakage current at low bias. One of the favorable point defects in AlN are Al vacancies (VAl) [30]. These Al vacancies are known to act as acceptors in high Al-content AlGaN [37]. This probably indicates that the formation of Al vacancies occurred more easily for sample C. Resultantly, the favorable defects and their distributions in the AlGaN layer would be different according to the pulse ratios.



Figure 8a–c show the C–V data obtained at different frequencies. For all three samples, the frequency dispersion was observed in both the depletion and accumulation regions. For x = 0.85, the theoretical dielectric constant of AlGaN layer was found to be ε = 9.5 − 0.5x ≈ 9.08 [38]. Using the equation ε = CAlGaNd/ε0A, the effective dielectric constant of AlGaN layer was calculated. Here, CAlGaN is the measured accumulation capacitance at 100 kHz, d is the thickness of AlGaN, and A is the effective contact area. The obtained values are 5.8, 5.0, and 8.4, for samples A, B, and C, respectively. The lower dielectric constant than the theoretical value might be caused by lower film density of AlGaN layer.



The conductance method was used to determine the trap density. The parallel conductance (Gp/ω) versus radial frequency (ω = 2πf) plots are described through the following equation [39]


     G p   ω  =   q ω  τ T   D T    1 +   ( ω  τ T  )  2     



(4)




where DT and τT are trap density and trap response time, respectively. Figure 8d–f show the fitting and experimental data. On the basis of the Shockley–Read–Hall statistics [38], the trap energy level below the GaN conduction band (i.e., denoted as EC − Et) was calculated from τT [39]


   τ T  =  1   v  t h    σ n   N C    exp      E C  −  E t    k T      



(5)




where vth, σn, and NC are the thermal velocity, the electron capture cross section, and the effective density of states in the conduction band of GaN, respectively. Using the values of vth = 2.6 × 107 cm·s−1, σn = 4 × 10−13 cm2, and NC = 2.2 × 1018 cm−3 [40], the trap densities and the time constants were calculated, which are shown in Figure 9a,b, respectively. The interface and bulk traps have different features in time constant. For the interface traps, the time constant reveals an exponential dependence on the applied voltage. On the contrary, the time constant for the bulk traps is insensitive to the bias voltage [41,42]. The interface traps distributed at 0.35–0.45 eV with the slow time constants between 1 and 50 μs were observed. For these traps, sample A showed the highest values. Relatively narrow energy distribution at 0.24–0.29 eV with the low time constants between 0.02 and 0.08 μs were observed for samples B and C, implying the fast interface traps. Whereas the border traps at ~0.34 eV were observed for sample A with the maintained time constant of 0.8 μs.



Figure 9c shows the C–V hysteresis curves obtained at 100 kHz. All the samples showed the positive shift in the flatband voltage (). Using ΔVFB values, the trapping electron state density (QT) was calculated through the equation as follows [43,44]


   Q T  = (  C  O X   Δ  V  F B   ) / q A  



(6)




where COX is the measured accumulation capacitance. The trap densities were estimated to be about 7.89 × 1011, 1.33 × 1012, and 1.43 × 1012 cm−2 for samples A, B, and C, respectively. The hysteresis in the C–V measurement may be attributable to the interface states of AlGaN/GaN and oxide traps in the AlGaN layer. In the metal–insulator–semiconductor structure, the associated traps arise from the oxidized transition layer with poor crystalline quality and a disordered structure, which induces the C–V hysteresis owing to their different electron capture and emission time during the measurement [42]. Figure 9d shows the cross-sectional scanning transmission electron microscope (STEM, JEOL/CEOS, Tokyo, Japan) image near the AlGaN/GaN interface for sample B, revealing the polycrystalline structure for AlGaN layer. The TEM image also indicates that the remained native oxide layer is hardly observed. Hence, the interfacial oxide layer causing charge trapping might be formed during the ALD process. Furthermore, our recent work has shown the effective passivation effect on GaN Schottky contacts using 2 nm thick AlN, which was associated with the generation of many Al–O–N bonds near the AlN/GaN interface [45]. As a result, it can be speculated that the formation of the oxidized transition layer near the AlGaN/GaN interface was suppressed for sample A compared with other samples.



Figure 10a,b show the Ga 2p3/2 and Al 2p core level spectra, respectively, obtained from the AlGaN surface. The Ga 2p3/2 spectra showed the peaks associated with Ga–N from the AlGaN (~1117.8 eV [46]) and Ga–O (~1118.5 eV [46] and ~1119.2 eV [47]) from the surface. The integrated intensity ratios of [Ga–N]/[Ga–O] were calculated to be 4.04 and 0.62, for samples A and C, respectively. For sample B, the Ga–N peak was not observed clearly. The Al 2p spectra show the peaks consistent with Al–N bonding (at ~73.6 eV) and Al–O bonding (at ~74.5 eV) [46], with additional peaks at ~74.2 and ~75.6 eV related to AlOx and Al–OH, respectively [47]. Likewise, the integrated ratios of [Al–N]/[Al–O] were found to be 2.55, 0.12, and 2.34, for samples A, B, and C, respectively. These results indicate the clearer formation of the AlGaN layer and the presence of less oxygen-related bonding for sample A as compared with samples B and C. In addition, the incorporation of N atoms into the AlGaN layer occurred more effectively for sample A, related to the positive shift of flatband voltage. Figure 10c,d show the Ga 2p3/2 and Al 2p core level spectra, respectively, obtained from the AlGaN layer, where the etch depth was 5 nm. The integrated ratios of [Al–N]/[Al–O] were found to be 0.34, 0.03, and 0.17, for samples A, B, and C, respectively. Like the XPS spectra in Figure 10a,b, these also show that the oxygen-related bonding was formed more clearly for samples B and C. Therefore, the AlN and GaN pulse ratio of 2:1 could show less oxygen-related defects in the AlGaN layer. According to AES analysis, it was found that oxygen content reached 7 to 15 at.% in the AlGaN films grown on Si substrate. XPS analysis revealed that oxygen content in the AlGaN films on GaN substrate reached ~20 at.%. These values are higher than the value of 1.5–3 at.% in the plasma-assisted ALD-grown AlGaN film at 200 °C [18]. Oxygen could be incorporated from the surface oxidation when the film surface was exposed to air after the high temperature deposition process. In addition, water and oxygen gas molecules remain when the ALD chamber is open during loading/unloading the samples, and thus TMA could react with the remnant oxygen gas during the deposition process [48,49].



Generally, ALD-AlN films deposited at 350–425 °C using TMA and NH3 show high levels of carbon (4–8 at.%) and hydrogen (10–16 at.%) residues [50]. From XPS measurement, we observed that carbon content in the AlGaN film was below 1 at.%, meaning that carbon related impurities would be marginal. However, we could observe Al–OH bonding from the Al 2p core level spectra. Al–OH defects in ALD-Al2O3 films were associated with acceptor-like border traps and positive fixed charges in Al2O3 [51]. Hence, these Al–OH defects would affect the electrical properties in the AlGaN films. Meanwhile, hydrogen exposure at room temperature in Pt/SiO2/GaN diodes changed the conduction mechanisms from Fowler–Nordheim (FN) tunneling to PF emission and the C–V curve shifted toward negative bias values [52]. The significant increase in the capacitance at a low frequency in the Pt/AlGaN/GaN Schottky diodes was observed after hydrogen exposure, which was associated with hydrogen-related dipoles [53]. Hydrogen treatment on AlGaN/GaN HEMT was found to reduce the trap density by about one order of magnitude [54]. Hasegawa et al. observed a peak related with the N–Hx bond at ~399 eV in the N 1s core level spectrum of the H2 plasma-treated AlGaN/GaN, and they associated this with N vacancies and related defects near the AlGaN surface [55]. These results indicate that the exact role of hydrogen should be investigated to understand the nature of AlGaN/GaN-based devices.



On the basis of the results so far, we know that sample A would be the best material among the three samples because it revealed less oxygen-related defects and better interfacial quality. Thus, this condition would be used to grow AlGaN in HEMT devices. As already known, (Al)GaN epilayer grown by MOCVD or molecular beam epitaxy (MBE) is achieved at high temperatures. On the contrary, ALD grown (Al)GaN grown at low temperatures shows polycrystalline phases. This polycrystalline-(Al)GaN can be used instead of epi-(Al)GaN to obtain lower efficiency, but cost-effective devices. Hence, the application of ALD grown (Al)GaN can be widened further. Investigation with various pulse ratios of AlN and GaN is in progress to obtain the detailed properties of ALD grown AlGaN material.




4. Conclusions


We used ALD to grow AlGaN on n-GaN substrate with different pulse ratios of AlN and GaN and explored the current transport mechanisms and trapping properties of Pt/AlGaN/GaN Schottky diodes. At the low bias region, the sample with the pulse ratio of 2:1 was explained by Poole–Frenkel emission and the negative temperature dependence for the sample with the pulse ratio of 1:2 was associated with the acceptor levels in the AlGaN layer. According to the parallel conductance method, fast interface traps located at 0.24–0.29 eV were observed for the samples with the pulse ratios of 1:1 and 1:2. On the contrary, bulk traps at ~0.34 eV were observed for the sample with the pulse ratio of 2:1. C–V hysteresis measurements revealed the higher trap densities for the samples with the pulse ratios of 1:1 and 1:2, associated with the charge trapping in the interfacial oxide layer. Compared with other samples, the formation of oxidized transition layer near the AlGaN/GaN interface was suppressed for sample A.
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Figure 1. (a) Schematic layer structures of AlGaN/GaN devices and prepared AlGaN layers with different pulse ratios. (b–d) The atomic force microscopy (AFM) surface images scanned over 2 μm × 2 μm areas. 
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Figure 2. Semilogarithmic current–voltage (I–V) data obtained at different temperatures for samples (a) A, (b) B, and (c) C. The inset in (c) shows the I–V curves for narrow forward bias range obtained from sample C. 
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Figure 3. (a) Barrier height and (b) ideality factor at different temperatures. 
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Figure 4. (a) Ln(J/E) vs. E1/2/plots by the Poole–Frenkel (PF) emission model, together with the linear fitting to the experimental data for sample A. (b,c) The calculated m and b values, respectively. 
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Figure 5. (a) Trap assisted tunneling (TAT) plots of ln(J) vs. 1/E and (b) the obtained trap energy for sample A. 
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Figure 6. (a) Trap assisted tunneling (TAT) plots of ln(J) vs. 1/E and (b) the obtained trap energy for sample B. 
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Figure 7. Reverse leakage current density vs. temperature at different reverse biases for samples (a) A and (b) C. The insets in (a) and (b) show the obtained activation energies for samples A and C, respectively. 
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Figure 8. Capacitance–voltage (C–V) data at different frequencies for samples (a) A, (b) B, and (c) C, and frequency-dependent parallel conductance–voltage (Gp/ω–V) curves for samples (d) A, (e) B, and (f) C. 






Figure 8. Capacitance–voltage (C–V) data at different frequencies for samples (a) A, (b) B, and (c) C, and frequency-dependent parallel conductance–voltage (Gp/ω–V) curves for samples (d) A, (e) B, and (f) C.



[image: Coatings 10 00489 g008]







[image: Coatings 10 00489 g009 550] 





Figure 9. (a) Trap density vs. energy level, (b) time constant vs. voltage, (c) C–V hysteresis plots obtained at 100 kHz, and (d) cross-sectional scanning transmission electron microscopy (STEM) image for sample B. 
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Figure 10. X-ray photoelectron spectroscopy (XPS) core level spectra of (a) Ga 3p/3/2 and (b) Al 2p from the AlGaN surface, and (c) Ga 3p/3/2 and (d) Al 2p from the AlGaN layer where the etch depth is 5 nm. 
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