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This paper reports a study of the effect of NH3 flow rate and reactor temperature on the 

tertiarybutylchloride (TBCl) etching of patterned GaN-on-sapphire templates. It is found that a 

reduced NH3 flow rate and an elevated reactor temperature can eliminate islands or dots on the 

surface, while at the same time, enhance the etching around dislocations. TBCl etching was also 

performed on planar bulk GaN templates with much lower dislocation density. We find an 

atomically flat and layer-by-layer etching behavior within the region free of dislocations. Surface 

kinetics analysis reveals a short diffusion length of etching products. Room-temperature 

photoluminescence (PL) and x-ray photoelectron spectroscopy (XPS) measurements confirm that 

TBCl etching is capable of removing the damage and impurities induced by plasma etching 

without introducing additional damage. 
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1. Introduction 

Gallium Nitride (GaN)-based electronic devices have attracted considerable attentions due to its 

wide bandgap, large critical electric field and high electron mobility. In order to achieve the 

theoretical performance of GaN power devices, it is needed to develop selective area doping 
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(SAD) technique of either p- or n-type to enable design flexibility and create lateral PN junction 

devices, including current-aperture vertical electron transistors (CAVETs) [1,2], junction-barrier 

Schottky (JBS) diodes [3,4], and superjunction (SJ) devices [5]. Ion-implantation and dopant 

diffusion have been widely used in Si- and SiC-based devices as SAD techniques [6,7]. However, 

these techniques are still under development for III-nitride-based devices due to intrinsic 

challenges in GaN material properties [8]. Selective-area growth (SAG) is a potential alternative 

to achieve selective doping for lateral junctions. Toward this goal a combination of selective area 

etching (SAE) followed by SAG is envisioned.  Cl-based plasma etching or dry etching of GaN 

is widely used to create trenches and patterns of a high aspect ratio and side walls with 

smoothness and verticality [9]. However, plasma-induced damage introduces serious optical and 

electrical deteriorations [10,11]. Vapor-phase etching of GaN in metalorganic chemical vapor 

deposition (MOCVD) system, such as using H2 and hydrogen chloride (HCl), have been reported 

before [12,13]. However, H2 etching always introduces severe surface roughening, while HCl is 

highly corrosive and not compatible with MOCVD hardware. 

 

Recently, we introduced a metal-organic (MO) precursor, tertiarybutylchloride (TBCl), which 

has been applied to other III-V material systems [14,15,16], into MOCVD system for GaN to 

remove the plasma-induced damage or replace the role of plasma etching [17]. TBCl is 

compatible with MOCVD operation and effective in achieving in-situ selective area etching 

(SAE) at reduced temperatures. We reported the etching chemistry and also demonstrated 

initially the ability to achieve generally smooth etching morphology. In this work we extended 

the TBCl etching to a broader range and also with additional parameters. We examined the 

atomistic-scale surface morphology to understand the etching kinetics. TBCl etching of GaN was 
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also performed on bulk GaN substrates in comparison with etching on GaN-on-sapphire 

templates to ascertain the effect of dislocation-mediated etching. Atomic force microscopy 

(AFM) reveals a nearly ideal surface previously modeled by the Monte Carlo (MC) simulation 

[19], which in turn provides additional insights of the kinetics of surface dissociation, diffusion, 

and desorption with little step bunching [19]. A series of samples were prepared to examine the 

effect of dry-etching and TBCl-etching on the regrowth surfaces and interfaces. X-ray 

photoelectron spectroscopy (XPS) and photoluminescence (PL) provide strong evidence that in-

situ TBCl etching can remove the plasma-induced damage or impurities without introducing 

additional damage.  

 

2. Experimental 

Two different types of GaN samples (which we term them “templates” below) were used in the 

TBCl-etching study. GaN epilayers on c-plane sapphire substrates, with a thickness of 2 µm and 

a dislocation density of around 109 cm-2, were used in the initial exploratory study. Additionally, 

GaN homoepilayers on bulk GaN substrates, with a thickness of 1.5 µm and a dislocation density 

of around 106 cm-2, were grown under nominally the same condition. Trimethylgallium (TMGa), 

TBCl, and NH3 were used as precursors for Ga, Cl, and N, respectively. The growth for GaN 

took place at nominally 1030°C, under a reactor pressure of 200 mbar, with a flow of NH3 at 2 

standard liter per minute (slm) and a TMGa flow rate of 106 µmol/min. For the selective-area 

etching experiments, a 100 nm thick SiO2 was deposited on GaN on sapphire samples by plasma-

enhanced chemical vapor deposition (PECVD). Photolithography and reactive-ion etching (RIE) 

were used to pattern the SiO2 and expose GaN within the openings. TBCl etching was performed 

on GaN-on-sapphire templates with various pattern sizes (e.g. 1 mm2 opening, and stripe-



4 

* corresponding author email: jung.han@yale.edu 

patterned opening) at temperatures ranging from 800 to 860°C, with NH3 flow rate in the 7 to 50 

standard cubic centimeters per minute (sccm) range, and with constant 2.5 sccm of TBCl (7.71 

µmol/min) and 6 slm of H2, all for a duration of 15 mins. TBCl etching experiments were also 

performed on planar bulk GaN templates after the preliminary study of TBCl etching on GaN-

on-sapphire templates. Four different etching processes were used on bulk GaN templates (Table 

I) in order to study the damage of dry etching and the effect of TBCl etching. Sample A is a bulk 

GaN template; Samples B, C, and D represent bulk GaN templates that were etched by dry 

etching, TBCl etching, and a combination of both, respectively. Sample D was first etched 

together with Sample B using plasma etching, and was etched by TBCl with Sample C after 

solvent cleaning. Scanning electron microscopy (SEM), atomic force microscopy (AFM), and an 

optical interferometric surface profiler (Zygo Nexview 3D Optical Profiler) were used to study 

the surface morphology of the samples. Room-temperature photoluminescence (PL) and x-ray 

photoelectron spectroscopy (XPS, PHI VersaProbe II Scanning XPS Microprobe) was 

performed on Sample A~D to study the surface quality and impurities, respectively. A 325nm 

HeCd laser was used as an excitation source for PL measurement. 

Table I. Processes on Sample A~D.  

 300nm plasma etching (80nm/min) 300nm TBCl etching (10nm/min) 

Sample A   

Sample B ×  

Sample C  × 

Sample D × × 

 

3. Results and discussion 

3.1 TBCl etching of patterned GaN-on-sapphire templates 
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In the previous study of TBCl etching [17], we reported a trend of dependence of etching 

morphology on the partial pressure of NH3, and we observed under SEM a high density of 

pyramidal islands or hillocks under high NH3 flow rate or a high reactor pressure. Such etching 

features have been reported in the cases of InP [16], and were attributed to the presence of 

etching residuals on the surface due to their insufficient desorption rate, sometimes known as the 

“micro-masking effect”, resulting in a local inhibition of etching process which generates these 

islands on the surface. By decreasing of reactor pressure and NH3 flow rate, the desorption rate 

of the etching products was much enhanced; island-free SAE trenches were achieved at 800 °C 

and 50 mbar with 14 sccm of NH3. In this work, we further explored the effect of temperature on 

the etching morphology (between 800 and 860°C), and we varied the NH3 flow rate between 7 

and 50 sccm while maintaining a constant flow rate of TBCl at 2.5 sccm using H2 as the carrier 

gas, to study the etching behavior in greater detail. Fig. 1 shows the SEM images of the stripe 

patterns of GaN-on-sapphire templates after SAE by TBCl. At a high NH3 flow (50 sccm) and a 

low temperature (800°C), corresponding to the upper left panel in Fig. 1, we observed a high 

density of pyramidal islands similar to what was reported earlier.  With the increasing of reactor 

temperature and decreasing of NH3 flow rate, the white islands/dots are greatly suppressed, while 

the surface morphology becomes rough with crater-like surface depressions or pits, 

corresponding to the bottom-right panel in Fig. 1. (The origin of these pits will be discussed 

shortly.) The trend of the suppression of white dots is consistent with our previous designation of 

these islands from the micro-masking effect due to the incomplete desorption of etching products; 

a higher temperature and lower NH3 flow rate both help to increase the desorption and alleviate 

the micro-masking effect.  
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AFM was performed on the same set of SAE samples to unveil the atomistic mechanisms during 

the in-situ etching. Images were taken specifically at the center of 1 mm2 opening regions and 

are shown in Fig. 2. The white dots seen under SEM are now seen as protrusive islands randomly 

distributed on the atomic terraces delineated by jagged atomic steps. The size and density of the 

white dots, for example, reduced from 130 nm in height and ~109 cm-2 under 800°C and 50 sccm 

of NH3, to 70 nm in height and 2 x 108 cm-2 under 830°C and same NH3 flow rate. Under AFM, 

the depression seen in SEM are now resolved to be pits defined by concentric or spiral atomic 

steps having hexagonal contours. The density of the etching pits clearly depends on the etching 

condition, with the density varying from, for example, 3 x 107 cm-2, when etched at 800 °C with 

7 sccm of NH3, to 3 x 108 cm-2, at 860 °C with the same NH3 flow rate. It is known that the 

vapor phase etching generally involves the preferential removal and desorption of surface atoms 

having more energetic configurations. We believe that a higher density of steps or active sites 

near the core of dislocations causes enhanced etching. Such phenomenon has been reported in 

Cl-based plasma or HCl vapor etching [10,11,18]. Also, as discussed in [17], a lower NH3 flow 

rate will increase the surface coverage of Cl atoms, thus enhancing the etching around 

dislocations. Therefore, the overall rough background in Fig. 1 under the enhanced etching 

should be understood as a result of dislocation-mediated etching which is acerbated in the case of 

GaN on sapphire, having a dislocation density of around 109 cm-2. In order to study and evaluate 

the surface or interface property without being affected by the high density of dislocations on 

sapphire, bulk GaN templates were subsequently used to compare and contrast with the GaN-on-

sapphire samples. 

 

3.2 TBCl etching of planar GaN templates 
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Based on the above discussion, a planar bulk GaN template was etched with TBCl to ascertain 

the intrinsic etching morphology (Sample C). The etching condition was chosen to be 860 °C, 

2.5 sccm of TBCl, 14 sccm of NH3, and the etching time is 30 mins, which is expected to yield 

an etching depth of 300 nm. In Fig. 3, we compared the results from the GaN-on-sapphire 

template and bulk GaN template. Both of them were etched under the same condition but for 

halved etching time on GaN-on-sapphire template (15 mins). From the lower-magnification, 20 x 

20 µm2 scans [Fig. 3 (a) and (b)], one could clearly see a reduction of the density of etching pits, 

by about three orders of magnitude from ~2 x 108 cm-2 for GaN-on-sapphire templates [Fig. 3(a)] 

to 3 x 105 cm-2 for bulk GaN template [Fig. 3(b)]. A nearly 3 orders of magnitude reduction in 

etch pits densities correlates well with the estimated difference in the densities of dislocation 

between these two types of templates, providing a strong support of our hypothesis of enhanced 

etching around dislocations. We note that a detailed analysis of the morphology of TBCl etching 

on different types of dislocations is beyond the scope of this paper but will be reported later. 

Away from the region with dislocations, a step-flow pattern is maintained during the etching as 

shown in a zoomed-in 3 x 3 µm2 scan [Fig. 3(d)]. The steps follow the miscut orientation to m-

plane (~0.35°), with zig-zag or jagged step edges. The morphology bears great resemblance to 

simulated images of the thermal desorption of GaN using Monte Carlo (MC) method [19], where 

the key surface mechanisms include the detachment of atoms from specific sites on step edges, 

diffusion of atoms on terraces, desorption of atoms into the vapor phase, and the re-incorporation 

of atoms to adjacent step edges. The step morphology gives the tell-tale sign that the TBCl 

etching proceeds in a near-equilibrium manner dominated by surface processes facilitating the 

solid-to-vapor transition, in a way almost reciprocal to the vapor-to-solid transition in epitaxial 

growth.  
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Based on the MC simulation, a key conclusion is the relative magnitude of the average terrace 

width (��) versus the diffusion mean-free path (��) for atoms on a terrace, defined as  

�� =  � �	
 

	
is the desorption probability in the unit of inverse time, and � is the diffusion coefficient.  

The ratio of these two parameters �, or �� according to Ref. 19,  

� = ����  

was used to determine the degree of interaction among the roughly parallel atomic steps. A finer 

point we wish to make, in contrast to [19], the species that are at play in our etching experiments 

are likely to be the etching products, for example GaCl or GaCl3. So, our discussion of surface 

kinetics including diffusion, desorption, and nucleation is not about the typical adatoms in 

epitaxy but the similar mechanisms of the reactant molecules. Continuing our discussion, when  

�� is less than 1, the diffusion mean-free path of the reactant molecules is greater than the terrace 

width due to a combination of a slow rate of desorption and/or a slow rate of nucleation [21], 

molecules can diffuse on the terrace to the adjacent step edges with low Schwoebel barrier and 

re-incorporate, making it possible for step bunching to happen. However, when �� is larger than 

one, atoms have short mean free path (enhanced desorption and/or nucleation), there is little 

communication among neighboring steps through surface diffusion. In this case large step 

bunching is inhibited and steps tend to stick in pairs with meandering step edges. From Fig 3(d), 

we tend to conclude that large step bunching is not observed on TBCl etched samples and less 
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ordered step edges is presented, indicating that the diffusion length is relatively short, due to 

either a high desorption rate of Ga etching product or the nucleation rate.  

 

As the in-situ TBCl etching is expected to be used in the regrowth of GaN for lateral junction 

devices, we proceeded to study the morphological, chemical, and optical properties of four 

samples prepared on bulk GaN templates. The detailed experimental design is listed in Table I. 

Fig. 4 shows the surface morphology under AFM and Zygo interferometric profiler for Sample 

A~D. The as-grown GaN template exhibits parallel and straight atomic steps [Fig. 4(a)]. After 

the plasma etching (Sample B), as shown in Fig. 4(b), atomic steps due to substrate miscut are no 

longer observable, indicating the presence of a strong component of physical etching. TBCl 

etching of as-grown GaN template [Sample C, Fig. 4(c)] has been discussed in details above and 

is included here for completeness. Finally, TBCl treatment of plasma-damaged surface (Sample 

D), generates high density of surface protrusions [Fig. 4(d)]. The origin of these protrusions 

should not be confused with the “white dot” we observed previously as shown in Fig. 3, since 

white dots are not observed on Sample C, which was etched side-by-side with Sample D by 

TBCl. In a preliminary way, we would assign these protrusions to the presence of Al 

contamination during the dry etching. Our argument is based on the fact that the etching chamber 

is made of Al and we found an Al peak, with a peak height of 2 x 1019 cm-3, at the plasma-etched 

and regrowth interface by secondary ion mass spectroscopy (SIMS). As discussed in [13,20], 

HCl gas can hardly attack AlN while Cl2 vapor is able to do so. Although at low NH3 flow rate, 

the portion of Cl-radicals might increase compared to HCl, as explained in our previous work 

[17], the continuous flow of NH3 during the etching might change the desorption of AlN. AlN, in 

this case, would serve as an etching mask to generate these protrusions. To complete the 
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morphology study, we employed the interferometric optical profiler to survey Samples C and D 

over a large area (~90 µm x 90 µm). The profiler is able to resolve (sub)nanometer vertical depth 

and is useful in measuring the true depth of the dislocation-related etching pits. Both samples 

exhibit a generally flat background with a comparable density of etching pits.  The depth of etch 

pits is around 90 nm for Sample C [Fig. 4 (e)], while it is 160nm for Sample D [Fig. 4 (f)]. 

Enhanced TBCl etching around dislocations for Sample D, the one first experienced dry etching, 

can be explained by the additional damage created by plasma etching. It has been reported that 

plasma etching generates N-vacancies or Ga-rich surface layers which tend to align or pile up 

along the dislocations [22,23]. Since Cl- or HCl attacks Ga-rich facets faster than N-rich ones 

[14,17], enhanced etching around dislocations can be observed on the sample with the plasma 

damage on the surface.  

 

Lastly, PL [Fig. 5(a)] and XPS [Fig. 5(b)] have been applied to these four samples to study the 

optical and chemical properties at or below the GaN surfaces that have been subject to different 

processing procedures. Compared with the reference (as grown) Sample A, which has a distinct 

near band edge (NBE) emission intensity at room temperature, the dry etching (Sample B) leads 

to a complete disappearance of NBE signal at room temperature, in agreement with the report 

[10,11] of the plasma-induced surface and sub-surface damage. Subsequent TBCl etching on 

dry-etched surface leads to a full recovery of the NBE signal, indicating that the damage or 

impurities incurred by dry etching has been mostly removed (Sample D), and the TBCl etching 

alone does not generate much adverse effect (Sample C). XPS shows that dry etching causes an 

increase in the Cl peak, which can be removed by the TBCl etching. In this case, we note that 

XPS does not have enough sensitivity to detect the presence of Al which was revealed by SIMS. 
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These two separate comparative studies offer additional support that TBCl can be used to remove 

the damage without introducing new defects, except the possible surface protrusions which are 

related to dry etching-related contamination.  

 

4. Conclusion 

In summary, it is found that NH3 flow rate and reactor temperature have a profound influence on 

the surface morphology of etched surface. As the flow rate decreases and temperature increases, 

the islands on the surface are eliminated but etching of dislocation is enhanced. Atomic steps are 

observed after etching in the area free of dislocations on bulk GaN template. Surface kinetic 

analysis indicates a high desorption rate of Ga etching product or nucleation rate. Room-

temperature PL and XPS results confirms the ability of TBCl to remove the plasma-induced 

damage and impurities while no damage is introduced by itself. 
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Fig. 1 30-degree tilted SEM images after selective area etching of GaN-on-sapphire templates with 

different NH3 flow rate (7 ~ 50 sccm) and reactor temperature (800 ~ 860 °C) at a pressure of 50 mbar 

and 2.5 sccm of TBCl. 

Fig. 2 Atomic force microscope (AFM) images (3 x 3 µm2) at the center of 1 mm2 opening patterns of 

GaN-on-sapphire templates after etching with different NH3 flow rate (7 ~ 50 sccm) and reactor 

temperature (800 ~ 860 °C) at a pressure of 50 mbar and 2.5 sccm of TBCl. 
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Fig. 3 AFM images of (a) 20 x 20 µm
2

; (c) 3 x 3 µm
2  

for GaN-on-sapphire template at the center of 1 

mm
2

 pattern after etching for 15min; and (b) 20 x 20 µm
2

; (d) 3 x 3 µm
2 

planar bulk GaN template 

after etching for 30min under the same condition, 860 ºC, 2.5 sccm of TBCl, and 14 sccm of NH3 in 

H2. 

(a) (b) 

(c) (d) 
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Fig. 4 3 x 3 µm2 AFM images of (a) Sample A; (b) Sample B; (c) Sample C; and (d) Sample D. Zygo 

images of (e) Sample C, with pits depth of ~90nm; and (f) Sample D, with pits depth of ~160nm. 

Fig. 5 (a) PL and (b) XPS of Cl 2p results on Sample A~D.  

(a) (b) 
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