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We report the Cl-based inductively coupled plasma etching of N-polar Al(Ga)N layers obtained from layer transfer. It is found that debris appeared on the etched N-polar surface after exposing in air for a short period whereas the etched Al-/Ga-polar surface was clean and smooth. The debris can be completely self-vanished on the N-polar Al0.4Ga0.6N surface after exposing in air for a few hours but still remained on the N-polar GaN surface even after over 1 month. The surface chemical analysis results suggested that the debris is the result of Cl-related byproduct generated during the etching process. Byproducts like Al(Ga)Clx and its derivatives are believed to cover on the N-polar surface after the inductively coupled plasma etching and increase the etched surface roughness significantly. The formation and disappearance of debris are attributed to the formation of Al(Ga)Clx⋅ 6H2O crystals when Al(Ga)Clx absorbs moisture in the air and its spontaneous decomposition on the N-polar surface, respectively. Adding O2/SF6 in the process helps remove Al(Ga)Clx byproducts but at the cost of roughened surface/reduced etch rate. With an additional cleaning process after etching, an uniform and smooth N-polar GaN surface with a low root-mean-square surface roughness of 0.5–0.6 nm has been successfully obtained at a reasonable etch rate (∼150 nm/min). The results can provide valuable guidance for the fabrication of high-performance N-polar GaN devices.
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INTRODUCTION
Crystal polarity is a very important feature of wurtzite GaN material. GaN exhibits two different atomic sequences along the opposite directions of the crystal axis. GaN growing along the direction [0001] is Ga-polar and growing along the direction of [0001] is N-polar [1]. Different polarity materials show different properties, so the related devices’ performance will be different. High electron mobility transistors (HEMTs) based on N-polar GaN/AlGaN hetero-structures possess some intrinsic advantages [2–4] due to the opposite polarity to the conventional Ga-polar HEMT devices, such as low contact resistance [5, 6], strong AlGaN back barrier [7], and flexibility in device scaling [8]. High performance N-polar HEMT devices epitaxial grown directly on c-plane sapphire [9] or C-face SiC [10] substrates have already been demonstrated. However, the growth of device-level high quality N-polar nitride materials is rather challenging which requires a much higher growth temperature [10], relatively low V/III ratio [11], and miscut substrates [12] in order to suppress oxygen impurity incorporation and surface hillocks. Alternative approach is to fabricate devices on the backside of a Ga-polar thin film through substrate removal [13] and layer transfer [14, 15]. This method can provide high crystalline N-polar materials and enables the possibility of fabricating N-polar devices on large scale Si substrates, promising for low-cost and mass production. In such a process, an etching of the buffer layers from the N-face side is required after substrate removal in order to expose the N-polar GaN/AlGaN channel layer [16]. On Si substrates, the buffer layers are usually micrometer-thick consisting of multiple Al(Ga)N/GaN layers, such as step-graded AlGaN layers and AlN/GaN super lattices [17]. A uniformly smooth etching surface is particularly important for subsequent device fabrication [18]. For instance, if the etching surface is of high roughness, the resulting GaN channel layer thickness would be of high non-uniformity, which will ultimately impact the on-resistance of HEMT devices.
Wet etching in hot alkaline solutions such as potassium hydroxide [19] and dry etching in inductively coupled plasma (ICP) system by chlorine-based gases [20–22] are the two main processes used for N-polar materials removal. N-polar surfaces after wet-etching are usually of poor morphology with a high density of pyramidal hillocks [19, 23], whereas dry-etching can lead to much smoother surface morphologies [24]. In previous studies, it has been reported that for both Ga-polar and N-polar films, their surface roughness are sensitive to the etching rate [15]. It is difficult to strike a balance between a high etching rate and a smooth surface. Waki et al has found [25] that in a Cl2-based etching system, when the etch rate of a N-polar GaN layer is greater than 100 nm/min (generally lower than that of the Ga-polar one), the root-mean-square (RMS) roughness after etching is as high as 10–30 nm for the N-polar (1–10 nm for Ga-polar). A very low etch rates ∼1 Å/s was used by Chung et al for a smooth N-polar GaN surface [13]. The ICP byproducts GaClx/AlClx (could not be fully desorbed) [20, 22, 26] were claimed to be responsible for the poor etched surface. Alternatively, Yu et al chose to remove N-polar buffer layers by selectively chemical mechanical polishing (CMP), with a selection ratio as high as 35:1 (AlxGa1-xN: GaN = 1400 nm/min: 40 nm/min). Although the surface roughness of the prepared N-polar GaN reached 0.31nm, mechanical scratches can be obviously seen on the surface of the material [14]. However, up to now, the cause of such a surface difference in the ICP etching of N- and Ga-polar layers is not clear, and the etched surface could not not be optimized well at a good time cost.
In this work, we systematically studied the ICP etching of N-polar Al(Ga)N layers that were obtained through wafer bonding and substrate removal of Ga-polar GaN epi-layers grown on Si. The results revealed different surface morphologies for Al-polar/Ga-polar and N-polar Al(Ga)N films after etching for the first time. N-polar surfaces were generally dirty after etching whereas Al-polar/Ga-polar surfaces were smooth and clean. Physical and chemical origins of the surface dirt were explained. Based on these mechanism model, clean and smooth N-polar surfaces were obtained in a balanced etching rate with an optimized ICP process.
MATERIALS AND METHODS
The N-polar Al(Ga)N thin films were obtained through wafer bonding and substrate removal process illustrated in Figure 1. First, GaN multilayer films were directly grown on 4-inch Si < 111 > substrates by metal-organic vapor phase epitaxy (MOVPE). The wafer bow was controlled within ±20 μm. It should be noted that the GaN polarity in the MOVPE growth on a Si <111> substrate is preferentially Ga-polar unless with intentional polarity inversion process [27]. Therefore, the bottom side of the epi-layer must be N-polarity. The epi-wafer was then bonded to another Si handle wafer with spin-on-glass (Futurrex IC1-2000) as the intermediate layer [28]. The wafer bonding was carried out through a thermal compression process (i.e., temperature = 250 °C, pressure = 30 kN, 2 h) by EVG 510 [29]. The original Si <111> substrate was mechanically thinned down to 50 μm and then completely removed by a selective ICP (Oxford ICP 380) etching [30] to expose the N-polar AlN surface. As the cross-sectional scanning electron microscope (SEM) picture of bonding layers in Figure 1 showed, the buffer layer consists of a 292 nm AlN layer, a 316 nm Al0.4Ga0.6N layer, and a 308 nm Al0.2Ga0.8N layer and a 620 nm GaN layer. Chlorine-based gas (i.e., Cl2, BCl3 and Ar) were used in the subsequent etching process of the N-polar Al(Ga)N and GaN layers. An optical microscope (OM) and atomic force microscope (AFM) were used to inspect the etching surfaces. The AFM images were recorded using Dimension Edge equipment from Bruker by contact tapping mode in vertical scanning direction. The energy-dispersive spectroscope (EDS) equipped in the SEM and wavelength dispersion spectrometer (WDS) was used for chemical analysis of surface elements.
[image: Figure 1]FIGURE 1 | The schematic of obtaining N-polar Al(Ga)N films process through wafer bonding and substrate removal and the cross-sectional SEM picture of the bonded epi-layers.
RESULTS AND DISCUSSION
We first studied the ICP etching and the surface morphology of the exposed N-polar AlN/AlGaN/GaN layer. An Al-polar AlN (300 nm) sample grown on Si using the same growth process as that of the AlN buffer in Figure 1 1) and an Al/Ga polar Al0.3Ga0.7N (∼1.2 um) sample grown on sapphire were co-loaded with the N-polar sample to the ICP chamber. The etching process was conducted in BCl3/Cl2/Ar system at 20°C (table temperature) in vacuum chamber. The etch process on the N-polar AlN/AlGaN/GaN multilayer in Figure 2 was intentionally stopped on the Al0.4Ga0.6N layer (∼340 nm) and on the GaN layer (∼1020 nm) to study the surface morphology evolution. For the Al-polar AlN layers, the etched thickness was about 280 nm (because of the lower etch rate than N-polar Al(Ga)N under the same conditions in this experiment). For the Al-polar/Ga-polar Al0.3Ga0.7N layers, the etched thickness was about 340 nm. Figure 2 shows the OM images of the etched Al(Ga)N surfaces for both polarities after being placed in the same ambient (temperature = 24°C, humidity = 50%)for a certain period. Note that the OM images of the as-etched surfaces were recorded within 5 min after the samples taking out of the ICP chamber. One can see that all the etched N-polar samples exhibited dirty debris on their surfaces whereas the etched Al-polar/Ga-polar surfaces were smooth and clean. On the surface of the N-polar Al0.4Ga0.6N layer, the debris have a regular “+” shape. Interestingly, these dirty debris partially or completely disappeared after a period of time. However, the debris persisted on the N-polar GaN surface even after 30 days. The results were reproducible and repeatable after hundreds of times of experiments. The estimated debris density on the N-polar Al0.4Ga0.6N surface is about 7.8×104/cm2in Figure 2 1) and associated with the etching conditions (e.g., varied gas flow rate, pressure, and ICP/RF power). The main ICP etching in Figure 2 was processed in a mixture of BCl3/Cl2/Ar (24/8/5 sccm) at 5 mtorr with ICP/RF power of 500 W/150 W. Higher gas flow rate and/or ICP power tended to increase the debris density (results not shown here). This unusual surface difference upon ICP dry etching between N- and Ga-polarities, to the best of our knowledge, has never been reported in the literature so far.
[image: Figure 2]FIGURE 2 | OM images of the N-polar AlGaN surface as-etched (A) and after placing in air for 1 day (B), the N-polar GaN surface as-etched (C) and placing in air after 30 days (D), and the as-etched Al-polar AlN surface (E) and the as-etched Al-polar AlGaN surface (F).
Meticulous inspections on the etched N-polar surface under OM at different time interval revealed that those surface debris did not exist just after sample taking out of chamber but soon appeared after exposing to air (temperature = 24°C, humidity = 50%) in a few minutes. As time elapsed, these surface debris then change gradually after a few hours or a few days. Figure 3 1)–3) clearly show the gradual appearance of the debris on the N-polar surface after the etching stopped on the Al0.4Ga0.6N layer (∼340 nm) and exposing in air for 50 s, 100 s, and 150 s, respectively. The OM images in Figure 3 4)–6) and the corresponding inserted AFM images recorded the disappearance of a specific surface debris at the same position (outlined by the red boxes) in a period of 8.5 h. The debris had an initial “+” shape and was ∼600 nm in height, resulting a RMS roughness of 95.1 nm in 5 × 5 μm2 (Figure 3D). Such a surface debris then slowly shrank and ultimately vanished after 8.5 h, only leaving a trace on the surface (Figure 3 (f)). Consequently, the RMS roughness within this area (5 × 5 μm2) is reduced to only 1.1 nm. It is also interesting to note that the surface debris did not completely disappear if the etch was stopped on the N-polar GaN layer (∼1020 nm), even after exposing in air for 42 days (see Figures 3G–I). As the AFM image showed in Figure 3I, the RMS roughness within this area (5 × 5 μm2) is about 1.6 nm. This implies that the debris evolution is affected by the Al composition of the surface layer.
[image: Figure 3]FIGURE 3 | OM images showing the evolution process of surface debris when the etching was stopped on the Al0.4Ga0.6N layer (A–F) and on the GaN layer (G–I) after the samples were exposed in air for a certain period of time. The inserted are 5 × 5 μm2 AFM images around the debris region outlined by the red boxes in the corresponding OM images.
Figures 4A–C show the SEM images of one specific debris observed on the Al0.4Ga0.6N and on the GaN surface after etching and exposing in air for a few hours. The debris presented a clear “+” shape after etching to the AlGaN layer and exposing in air for 1 h. A clear trace can be seen on AlGaN and GaN surfaces when they were exposed in air for 3 h. To analyze the chemical composition of the debris, EDS of elements including Al, Ga, N, O and Cl were carried out. The result revealed that only the Cl distribution matches well with the shape of the debris, as observed in Figure 4 4)–(f). This implies that the appearance of debris on N-polar surface is due to the Cl-related byproduct during the etching process. Unfortunately, the distribution of oxygen on the etched surface observed under EDS did not show a specific accumulation in the debris region, which may be due to the detection limit of EDS. Then we used WDS (which has a higher resolution than EDS in testing trace elements) to analyze the distribution of O elements on the etched surface. Figure 4G shows the OM image of another specific debris observed on the Al0.4Ga0.6N after etching and exposing in air for 32 h. The previous classical “+” shape of debris has partially disappeared, leaving only a quarter of it. The WDS mappings in Figure 4 8)–1) indicate the debris contains not only Cl but also O element. Note that the OM and WDS images were taken in different time because of sample transferring.
[image: Figure 4]FIGURE 4 | SEM images of surface debris when the etching was stopped on the Al0.4Ga0.6N layer (A) and (B) and on the GaN layer (C) after the samples exposing in air for a few hours. Fig.4 (D–F) are EDS mappings of Cl corresponding to the SEM image area in (A–C). Fig.4 (G) is the OM picture of surface debris when the etching was stopped on the Al0.4Ga0.6N layer after the samples exposing in air for 32 h. Fig.4 (H–I) are WDS mappings of Cl and O corresponding to the OM image in (G).
Next, three sets of experiment were carried out to investigate the influence of process gas on the surface morphology. Set (a) employed the same parameters as the previous etching process called conventional etching. Set (b) and (c) experiments added additional O2 and SF6 in the etching process, respectively. Other parameters were the same. For each set of experiment, a series of etching with different time was performed to monitor the etch rate and debris density variation on different layers. Seen in Figure 5, the additional O2 (3sccm) had a minor effect on the etch rate comparing Set (a) and Set (b). However, adding SF6 (3sccm) significantly slowed down the etch rate from 130 nm/min to 90 nm/min. This can be explained by the formation of nonvolatile AlF3 or GaF3 on the etching surface [31]. The surface morphologies after different etching time were immediately inspected after transferring out from ICP chamber. Figure 5 summarized the variation of surface debris density with etching time for each set of experiment. The debris density is calculated by counting the number of particles per unit area in the OM pictures. It can be seen that for Set (a) etching, the debris density increased dramatically with increasing etching depth and when the etch was stopped on the N-polar GaN surface, the debris density reached to ∼5×105/cm2. However, adding a little amount of O2 or SF6 in the process gas effectively suppressed the generation of debris on the surface. When the etching was stopped on the AlN and Al0.4Ga0.6N layer, clean surfaces free of debris were successfully obtained. When etched to the Al0.2Ga0.8N and GaN layer, the debris cannot be completely eliminated but the density was still much lower than that in Set (a). Figure 6 shows the OM and AFM height images of the surfaces after the etching stopped on the Al0.4Ga0.6N layer (∼340 nm). The addition of O2 roughened the surface whereas the RMS surface roughness for the sample etched with additional SF6 was the lowest (∼0.56 nm).
[image: Figure 5]FIGURE 5 | The (A) Etch depth and (B) Debris density of the etched N-polar AlxGa1-xN layers versus time with Conventional (a), Additional O2 (b) and Additional SF6 (c) etching in the BCl3 and Cl2 gases during the etching process.
[image: Figure 6]FIGURE 6 | OM images of the surfaces with (A) Conventional and (B) Additional O2 and (C) Additional SF6 etching after the etching stopped at the Al0.4Ga0.6N layer; Fig.6 (D–F) are 5 × 5 μm2 AFM height images corresponding to the OM image areas in (A–C).
To completely eliminate the residue of debris on the N-polar GaN surface, an ICP “cleaning” process after the main ICP etching process was carried out. The main ICP etching was processed in a mixture of BCl3/Cl2/Ar (24/8/5 sccm) at 5 mtorr with ICP/RF power of 500 W/150 W. The etch process was finally stopped on the GaN layer (the etch depth is ∼1020 nm) and proceeded with a cleaning process in O2, SF6 and/or Ar plasmas. The ICP cleaning process was conducted at 5 mtorr with ICP/RF power of 750W/100 W at 20°C (table temperature). Table 1 listed the cleaning gas and flow rates for the four cleaning processes, i.e., C1–C4, that we have conducted. Figure 7 shows the OM images and the corresponding AFM height images for the etched GaN surfaces with four cleaning process. Compared to Figure 2 3) and Figure 3 (g), the debris on the etched N-polar GaN surface were eliminated completely. A clean surface free of debris can be obtained through a cleaning process with O2, SF6 or Ar with appropriate gas flow rate and cleaning duration (see Figure 7 5)–(h)). From the AFM height images, oxygen seems to roughen the surface morphology whereas SF6 and Ar can maintain a smooth surface (see Figure 7 1) - (L)) in the cleaning process while clearing away the debris. Compared C2 with C3, the cleaning effect by Ar was relatively weaker than SF6. Thus the cleaning time has to be extended to obtain a clean surface in C4. The RMS values in Figure 7 (j) and 7 (L) for C2 and C4 ICP clean are 0.66 nm and 0.59 nm, respectively, which are as smooth as the surface in Figure 6 (f).
TABLE 1 | Cleaning gas and their flow rates in the cleaning process C1–C4.
[image: Table 1][image: Figure 7]FIGURE 7 | The OM images of the etched GaN surface after ICP etch (A–D) and after ICP clean (E–H) and the corresponding 5 × 5 μm2 AFM height images (I–L) with different ICP processes. The OM images were recorded just after the samples were transferred out from the ICP chamber.
So far we have shown that surface debris appeared on the N-polar Al(Ga)N layers etched by ICP with Cl-based gas after the samples were exposed in air. The debris can be self-disappeared partially or completely, depending on the Al composition of the surface layer. The EDS and WDS results suggested that the debris is the result of Cl-related byproduct generated during the etching process. In fact, it is already known that Al(Ga)Clx is the main byproduct generated during the ICP etching of Al(Ga)N films using BCl3/Cl2 gas. Such byproducts may not be desorbed timely during the etching and thus reside on the etched surface. It is also known that AlCl3 or GaCl3 can’texist stably in atmospheric environment and are susceptible to moisture. For example, when exposing in humid air, AlCl3 can be hydrated to form stable AlCl3⋅6H2O [32]. The regular “+” shaped morphology as observed in Figure 2 1) and Figure 4 1) indicates a crystallization process on the surface. In addition, the EDS and WDS results revealed that the debris contains both Cl and O. Therefore, it is highly likely that such regular shaped debris are just AlCl3⋅6H2O crystals. In addition, we only observed such crystallization on the etched N-polar surface rather than on the etched Al-polar surface, implying that the N-polar surface has a higher absorbance of the Al(Ga)Clx byproducts than the Al-polar surface. This may be due to the different surface activeness between N-polar and Al-polar/Ga-polarities [33]. In the ambient environment, the AlCl3⋅6H2O crystals are then gradually decomposed to release HCl gas [34], which can be verified by the loss of Cl in accordance with the shrinkage of debris on the surface seen in Figure 4 (b). Such a process is previously attributed to the cause of the formation of “worm”-like residuals after ICP etch of Al [34]. The difference is that after the Al dry etch, the generated HCl reacts with Al to form AlCl3 which further reacts with moisture and generate HCl again, leading to a continuous corrosion of the Al surface. The more debris residuals on the GaN surface than that on the AlN surface implies that GaCl3⋅6H2O is more stable than AlCl3⋅6H2O.
Adding O2 or SF6 in the process gas or with additional cleaning process helps remove the Al(Ga)Clx byproducts on the surface. There are two mechanisms involved. First, O2 and SF6 can react with Ga(Al)Clx and convert it the Ga(Al)Ox which reduces the Cl byproducts coverage on the surface. Second, the physical bombardment by O, F or Ar plasmas also contributes to the Cl byproducts removal. Therefore, in terms of the surface cleaning effectiveness, O2 and SF6 are more effective than Ar. However, it has been reported that F− ions may be implanted in the GaN film and physical bombardment can cause surface defects, and both can result in device reliability issue. Further studies are needed to comprehensively evaluate the cleaning process influence on the device performance and reliability.
Finally, the physicochemical mechanisms of debris’ formation and disappearance on N-polar GaN with conventional etch conditions in Figure 7 1) are illustrated in Figure 8. There are six steps: Step 1 is the neutral chlorine absorbance on the N-polar GaN, Step 2 is the reaction of Cl and GaN to produce byproduct such as GaClx, Step 3 is the ion bombardment of GaClx micelles by Ar+ or Clx+, Step 4 is the partial desorption of GaClx from gaseous GaClx, Step 5 is the gradual crystallization of GaClx·6H2O in an ambient environment. The sixth step reveals the GaClx·6H2O micelles’ spontaneous decomposed reaction process: GaClx·6H2O→GaxOy + xHCl↑ [34]. Therefore, the reduction of the Cl-byproduct coverage on the surface is the key for obtaining smooth and uniform etching for N-polar Al(Ga)N layers.
[image: Figure 8]FIGURE 8 | The Physicochemical mechanism of particles’ formation and disappearance on N-polar GaN with conventional etch conditions in Figure 7 (a).
CONCLUSION
We have investigated the ICP etching on the N-polar Al(Ga)N layers obtained from wafer bonding and layer transfer. It is found that surface debris appeared on the N-polar surface after exposed to the air for a short period whereas that was not observed on the Al-polar/Ga-polar surface. The debris can be completely self-vanished on the N-polar surface of Al0.4Ga0.6N layer after exposing in air for a few hours but persisted on the N-polar GaN surface. The EDS result suggested that the debris is the result of Cl-related byproduct generated during the etching process. The WDS results also confirmed that the debris contained both Cl and O elements. It is believed that byproducts like Al(Ga)Clx cannot desorbed timely from the N-polar surface during the etching. When the etched sample is removed from the ICP reaction chamber, the residual Al(Ga)Clx on the etched N-polar surface will absorb moisture to form Al(Ga)Clx·6H2O and rapidly crystallize due to exposing in air. The Al(Ga)Clx·6H2O crystal then releases HCl gas, leaving Al(Ga)xOy on the etched surface. Adding O2 or SF6 in the process gas or with additional cleaning process help remove the Al(Ga)Clx byproducts on the surface, therefore a clean and smooth N-polar GaN surface at reasonable etching rate can be successfully obtained.
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