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ABSTRACT 

We have investigated the influence of the ambient exposure and/or ICP etching on the 

structure and properties of GaN p-i-n structures for high power electronics. To quantify the 

concentration of various native and extrinsic point defects, we utilize a combination of ion beam 

analyses in conjunction with x-ray diffraction. The full width at half max (FWHM) of phi and 

omega scans were used to quantify the mosaicity and threading dislocation (TD) densities at the 

p-i interfaces. The lowest densities of c-type and highest densities a-type TD components are 

observed for the “in-situ” GaN structure, which also produces the highest interfacial donor-

acceptor pair (DAP) cathodoluminescence (CL) emissions. Interestingly, elastic recoil detection 

analysis (ERDA) and Rutherford backscattering spectroscopy reveal the lowest interfacial [H] but 

the highest fraction of displaced Ga atoms, suggesting efficient incorporation of MgGa in the in-

situ structure. On the other hand, for the ex-situ structures, minimal interfacial [H] is also observed, 

but the lowest interfacial NBE and DAP CL emission is apparent as well as the highest density of  
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c-type TD components. The relationship between interfacial [H], displaced Ga, CL emission 

features, and c- and a-type dislocation densities will be discussed.  

 

*Corresponding Author: rsgold@umich.edu 

 

Although silicon-based electronics are used to power light-emitting diodes and electric 

vehicles, their utility in high power applications is limited by slow switching and high on-state 

resistance. The most promising alternative power devices consist of vertical GaN devices. 

Although vertical GaN devices exhibit promising performance for high power applications, 1,2 

their commercialization has been limited by several obstacles. To date, most vertical GaN power 

devices have been fabricated on free-standing GaN substrates, whose cost per unit area exceeds 

that of silicon substrates by a factor of 1000.3 In addition, GaN substrates further increase the costs 

in the epitaxial film growth due to their small diameter.  

An additional requirement for vertical high power GaN devices is a viable selective-area 

doping approach that yields high quality p-n junctions.4 Although selective-area doping techniques 

including masked ion-implantation and/or dopant diffusion have been explored, 5,6 they are limited 

to shallow junction formation and require high temperature annealing. To date, both inductively-

coupled plasma (ICP) etching and pulsed photo-electrochemical (PEC) etching, have been used to 

achieve selective-area Mg-doping of GaN. Cathodoluminescence spectroscopy reveals non-

uniform Mg distributions for the ICP-etched GaN mesa structure. 7  Photoluminescence 

spectroscopy reveals a reduction in surface/interface damage for GaN mesas prepared by pulsed 

PEC etching in comparison with those prepared by ICP etching, but bumps around dislocations 

are also reported.8 Though recovery from plasma-induced damage has also been reported using 
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rapid thermal annealing and wet potassium hydroxide etching,9  creation of damage-free regrowth 

interface is still in progress.4 A promising approach for high quality p-n junctions is selective-area 

etching followed by selective-area regrowth.6 However, to fully develop this approach, a detailed 

understanding of the influence of dry etching and metal-organic surface preparation on the 

structure and properties of the ICP-etched/regrown interface is critical. For example, though 

solvent cleaning is found to incorporate significant Si impurities at the regrowth interface, no 

research on Si impurities incorporation in the process that involved etching followed by solvent 

cleaning during the regrowth has been done. 10  At the same time, previous studies of IV 

characteristics and the electron signatures correlated Si impurities to the leakage current, but 

simultaneous investigation of structural crystallinity, Si, H impurities, and their electronic 

signature has not yet been performed.11 

Ion beam analysis techniques, including RBS/c and ERDA, have been used to 

quantitatively determine composition, uniformity, impurity, and elemental depth profiles of major, 

minor, and trace elements in GaN.12  To date, RBS/c studies of GaN/sapphire,13  GaN bulk,14  and 

implanted GaN bulk,15  have revealed minimum values ranging from 1.2% to 4%; but RBS/c 

studies of GaN homoepitaxy have not been reported. ERDA studies of Mg ion implanted GaN 

bulk have revealed Mg-induced increase in sub-surface [H].12  

We show that ambient exposure during the p-i interface preparation introduces silicon 

impurities into the interfacial region, presumably compensating Mg acceptors. In addition, the ex-

situ dry etching improves the p-i interfacial crystallinity, but also introduces interfacial hydrogen. 

Semiconductor devices are a cornerstone of modern device technology. Developing a 

better understanding of the process-structure-property relationship of these materials is critical for 

developing more efficient devices. If this relationship can be established, engineers responsible for 
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designing and growing these devices can make more informed decisions about their manufacturing 

processes, resulting in advancements in device design and quality. Our study can have a great 

value for III-V semiconductor and thin film growth communities. 

Here, we present studies of the influence of p-i interface preparation on the structure and 

properties of p-i-n GaN heterostructures, prepared by metalorganic vapor-phase epitaxy (MOVPE) 

at Yale University, with and without ex-situ ambient exposure and/or ICP etching with Cl2 and 

BCl3 gas mixture. Each GaN p-i-n structure consists of a 350 nm thick layer of p-type Mg doped 

GaN (Mg ~ 0.5×1021/cm3) grown on a 1.5 µm thick layer of unintentionally doped (UID) GaN on 

a n-type GaN substrate. For “in-situ,” the entire GaN p-i-n structure was grown without ambient 

exposure or dry etching. For “ex-situ,” following the growth of the UID GaN layer, the sample 

was removed from the MOVPE chamber and experienced ambient exposure for one day prior to 

the re-insertion into the MOVPE chamber for growth of the p-type GaN layer. For “ICP-etched,” 

the sample was also removed from the chamber following the growth of the UID GaN, and dry 

etching was conducted prior to re-insertion into the MOVPE chamber for the growth of the p-type 

GaN layer. 

To study the [0001] channel environment and the fraction of displaced Ga atoms, we utilize 

H+ ions generated in the 1.7 MeV Tandem particle accelerator at the Michigan Ion Beam 

Laboratory, termed “Maize”, which terminates in the Multi-Beam Chamber (MBC), that operates 

in the 10-7 Torr regime. Samples were mounted on the goniometer sample holder using conductive 

carbon tape. Within the MBC, the backscattered H+ were collected by a solid-state RBS detector 

situated at 160° with respect to the ion incident direction. For each sample, RBS spectra collected 

at the center of the [0001] channel provide the “aligned” yield. In addition, the goniometer is 
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randomly rotated in θ and ϕ (i.e. “rocked”) from -5 to +5 about the [0001] channel to obtain the 

“unaligned” yield.  

High resolution x-ray rocking curves HRXRC were collected in the Rigaku SmartLab using 

Cu K⍺ radiation conditioned by a 2-bounce Ge (220) monochromator. To probe the mosaic tilt 

and mosaic twist and subsequently quantify the densities of c- and a-type components of threading 

dislocations, we performed Δ𝜔 rocking curves about (0004) GaN and Δ𝜙 (azimuthal) scans about 

(101̅5) GaN. The Δ𝜔 rocking curves were performed in a symmetric geometry, in which the angle, 

𝜔, between the incident beam and the sample surface is equal to the Bragg angle, θB, for a plane 

parallel to the sample surface. The incident beam is then “rocked” ± 0.3° about the Bragg angle. 

The Δ𝜙 scans are performed in an asymmetric geometry, where 𝜔 = 𝜃𝐵 + 𝜓, where 𝜓 is the angle 

between the sample surface normal and the plane of interest normal. The sample is then rotated 

0°-360° about the sample normal (𝜙-axis). 

The depth-dependence concentrations of impurities were determined using a combination 

of secondary ion mass spectroscopy (SIMS) and Elastic Recoil Detection Analysis (ERDA).  For 

ERDA, 2.5 MeV He+ ions were delivered at an angle of 70° to the sample surface normal, and 

recoiled H was collected by a solid-state detector situated at 30° with respect to the incident ion 

direction. Simultaneously, backscattered He+ was collected with the RBS detector situated at 170° 

with respect to the incident ion direction.  

In preparation for SEM imaging and cathodoluminescence (CL) spectroscopy in the 

TESCAN RISE SEM, the samples were mounted film-side-up on planar SEM stubs using 

conductive carbon tape. CL emission was excited using 5 keV and 10 keV energy electrons, which 

are predicted by CASINO simulations to have maximum energy loss rates at 150 and 300 depth, 

thereby preferentially probing the p-GaN layer and the etched interface, respectively.16 CL spectra 
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in the range 300-750 nm (4.13-1.65 eV) were collected with a Gatan MonoCL4 Plus system, in 

which a parabolic mirror focuses emitted photons into a Czerny-Turner monochromator (using the 

1200 lines/mm diffraction grating), followed by a high sensitivity photomultiplier tube.17  

 

Data:  

The unaligned and aligned yield are normalized to the same total charge. The ratio of the 

aligned yield to the unaligned yield, termed the minimum yield min, is used to quantify the fraction 

of displaced Ga atoms, Nd/N, as follows:18 

                  
𝑁𝑑

𝑁
=

𝜒𝑚𝑖𝑛−𝜒0

1−𝜒0
      (1) 

where N is the atomic density of the crystal and 𝜒0 is the minimum yield for a high-quality GaN 

substrate. In Fig. 1, we present a comparison of the aligned and the unaligned RBS yields for the 

p-i-n GaN heterostructures. In the Fig. 1 (a) (b) and (c), we present the normalized channeling 

RBS counts vs. Energy/depth for the GaN p-i-n structures, in comparison with that of the GaN 

substrate. Ga edge is apparent starting around 1.4 MeV, and N edge is apparent starting around 1.1 

MeV. The “ICP-etched” GaN p-i-n structures have the lowest aligned yield at the Ga edge as well 

as the N edge. In the Fig. 1 (d), we present fraction of displaced N atoms, 
𝑁𝑑

𝑁
 (N), vs. depth. For 

all samples, the fraction of displaced N atoms, 
𝑁𝑑

𝑁
 (N), is <8%. It is interesting to note that the “in-

situ” GaN p-i-n structure has the highest value of 
𝑁𝑑

𝑁
 (N), and the “ICP-etched” GaN p-i-n structure 

has the lowest value of 
𝑁𝑑

𝑁
 (N). In the Fig. 1 (e), we present fraction of displaced Ga atoms, 

𝑁𝑑

𝑁
, vs. 

depth. For all samples, the fraction of displaced Ga atoms, 
𝑁𝑑

𝑁
 (Ga), is <0.8%. It is interesting to 
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note that the “in-situ” GaN p-i-n structure has the highest value of 
𝑁𝑑

𝑁
 (Ga), and the “ICP-etched” 

GaN p-i-n structure has the lowest value of 
𝑁𝑑

𝑁
 (Ga).  

Fig. 2(a) and 2(b) show the (0004) Δ𝜔 rocking curves and (101̅5) Δ𝜙 scans for the “In-

situ”, “Ex-situ”, “ICP-etched”, and GaN substrate. In Fig. 2, Δ𝜔 is plotted in arcsec (1° = 3600 

arcsec) and Δ𝜙 is plotted in degrees. For both Fig. 2(a) and 2(b), the vertical axis is the log of the 

x-ray intensity. The widths of all x-ray rocking curves are quantified by the full width at half the 

maximum (FWHM), which are given in Table 1. In order to use the FWHMs to quantify the 

mosaic tilt and twist angles, all XRCs were fit using a Pseudo-Voigt function, which approximates 

the convolution of Cauchy C(x) and Gaussian G(x) profiles: 

 𝑃(𝑥) = 𝐼0[𝜂𝐶(𝑥) + (1 − 𝜂)𝐺(𝑥)]            0 ≤ 𝜂 ≤ 1 (2) 

where I0 is the area under the curve and 𝜂 is the Pseudo-Voigt fitting parameter that varies 

depending on the relative amounts of Cauchy or Gaussian character of the XRC profile. This model 

assumes profiles with relatively more Cauchy character (𝜂 > 0.5) result from small correlation 

lengths, whereas profiles with relatively more Gaussian character (𝜂 < 0.5) result from mosaic tilt.  

The mosaic tilt angle, ⍺⍵, is estimated as follows:19 

 𝛼𝜔 = 𝛽𝜔[0.184446 + 0.812692(1 − 0.998497𝜂)
1

2 − 0.659603𝜂 + 0.44554𝜂2] (3) 

where 𝛽𝜔 is the full width at half the maximum (FWHM) of the Δ𝜔 rocking curve. The tilt angle 

is then used to estimate the density of c-type TD components, Nc, as follows:20 

 𝑁𝑐 =
𝛼𝜔

2

2𝜋𝒃𝑐
2𝑙𝑛2

 (4) 

where 𝒃𝑐 = [0001] is the Burgers vector for the c-type TD component where |𝒃𝑐| = 0.5185 nm. 

The lateral correlation length, L∥, can also be estimated using ⍺⍵ and 𝛽𝜔:19 

 𝐿∥ =
0.9𝜆

𝛽𝜔(0.017475+1.500484𝜂−0.534156𝜂2)𝑠𝑖𝑛𝜃𝐵
 (5) 
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where 𝜆 is the x-ray wavelength (𝜆 = 1.541Å for Cu K⍺1) and 𝜃B is the Bragg angle. The density 

of a-type TD components, Na, can then be estimated as follows:20  

 𝑁𝑎 =
𝛼𝜙

√2𝜋𝑙𝑛2 |𝒃𝑎|𝐿∥
 (6) 

Where 𝒃𝑎 =
1

3
〈112̅0〉 is the Burgers vector for the a-type TD component where |𝒃𝑎| = 0.3189 

nm and ⍺𝜙 is the twist angle. Here, the twist angle is equal to the FWHM of the Δ𝜙 scan (⍺𝜙 = 𝛽𝜙). 

Eqn. (6) assumes that the a-type TDs are piled up at small angle grain boundaries, which results 

in a lower bound estimate for Na. An upper bound estimate for Na can be calculated assuming a 

random distribution of a-type TDs, but we do not make that assumption here.19 

 Table 1 gives the Pseudo Voigt fitting parameters, 𝜂, experimentally measured FWHMs,  

𝛽𝜔 and 𝛽𝜙  =  ⍺𝜙, and the quantities calculated using Eqn. 3-6, ⍺⍵, Nc, L∥, Na. For the Δ𝜔 rocking 

curves, all 𝜂 values were < 0.5, suggesting that the Δ𝜔 peak broadening can be attributed to mosaic 

tilt in all samples. The two samples with ambient air exposure, the “Ex-situ” and “ICP-etched” 

samples, had the largest Δ𝜔 FWHM and largest tilt angles, resulting in the two highest Nc values. 

Overall, the “Ex-situ” had the largest Nc while the “In-situ” had the lowest. For the Δ𝜙 scans, the 

“In-situ” and “Ex-situ” samples had the largest Δ𝜙 FWHM/twist angles. However, the value of Na 

for the “In-situ” sample is an order of magnitude larger compared to the other samples, all of which 

have very similar Na values. Although the “In-situ” and “Ex-situ” samples both had the largest 

twist angles, the large lateral correlation length of the “Ex-situ” sample results in an Na value 

similar to the “ICP-Etched” and GaN substrate.  

To compute the effective depth-sensitivity of the electrons to the relevant impurities, we 

computed a convolution of the depth-dependence of the electron-induced excitation of free-

electron-hole pairs with the depth-dependence of the areal impurity concentrations. The depth-

dependence of the atomic concentrations for Si and Mg are determined by SIMS, while those for 
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H are determined by ERDA. The resulting depth-sensitivities of the electrons to Si, Mg, and H are 

shown in Fig. 3 (a), (b), and (c), respectively. For all samples, the effective depth-sensitivity of Si 

is around 1016. We noticed that for “Ex-situ” and “ICP-etched” samples, there is a peak in effective 

depth-sensitivity of Si around 350 nm where the p-i interface is located. The “ICP-etched” has the 

highest effective depth-sensitivity Si peak. For all samples, the effective depth-sensitivity of Mg 

is around 1019 form the surface to the 350 nm p-i interface and then drop to 1016. For “ex-situ” and 

“ICP-etched” samples, we observed a peak of effective depth-sensitivity of Mg from 250 nm to 

300 nm, where is near the p-i interface. The “ICP-etched” had a second peak around 350 nm. For 

all samples, we observed an enhancement of effective depth-sensitivity of H from 30 nm to 110 

nm. We also noticed that only “ICP etched” samples had a peak of effective depth-sensitivity of 

H around 350 nm p-i interface. 

In Fig. 4, the insert at the top left corner is a plot of CASINO Monte Carlo simulations of 

the energy loss rate, dE/dx, as a function of penetration depth for 5 and 10 keV electrons incident 

on GaN. As labeled in the CL spectra in both Fig. 4 (a) and (b), CL emissions at 3.4 eV, 2.9 eV, 

and 2.2 eV are observed and attributed to the near-band-edge (NBE) excitonic emission, donor-

acceptor pair (DAP) emission, and yellow luminescence (YL) emission, respectively.21 For all 

GaN p-i-n structures, NBE and DAP emissions are apparent in both Fig. 4 (a) and (b), indicating 

that both excitations likely occurred both within the p-GaN layer and at the p-i interface. 

Interestingly, YL emission is only observed in Fig. 4 (b) for the “ICP-etched” and “ex-situ” 

structures, suggesting that the YL is associated the ambient exposure of the p-i interface in those 

cases. 

The “in-situ” has the highest DAP and NBE emissions at its surface and interface, 

respectively. For “ex-situ” the intensity for DAP and NBE does not change between surface and 
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interface. For “ICP-etched”, the DAP and NBE enhance from surface to interface. We also noticed 

that the trend in Nc mirrored the trend of the DAP emissions at the interface, with the “in-situ” 

having the lowest Nc, followed by “ICP-etched”, followed by “Ex-situ”, which has the highest Nc. 

The intensities of the DAP emissions at the p-i interface follow the reverse trend, where “Ex-situ” 

has the lowest DAP emission, followed by “ICP-etched”, and “In-situ” having the highest DAP 

emission.  

YL emission is attributed to the transition from shallow donor levels to deep acceptor 

centers, either VGa-ON (gallium-vacancy-oxygen-on-nitrogen-site), 22 , 23  or VGa-SiGa (gallium-

vacancy-silicon on gallium site).16, 17 The enhanced [Si] seen in the SIMS data at the p-i interfaces 

of the “ex-situ” and “ICP-etched” structures, along with the presence YL emission at the p-i 

interface for both the “ex-situ” and the “ICP-etched” structures, indicates the presence of VGa-SiGa 

defect complexes at the p-i interface. Similarly, the absence of YL emission for the “in-situ” 

structure suggests the absence of VGa-SiGa defect complexes. Thus, the YL emission at the p-i 

interface of the “ex-situ” and the “ICP-etched” structures indicates that the ambient exposure step 

of the GaN p-i-n structure preparation is associated with the introduction of silicon impurities. 

To summarize, we noticed that the “ICP-etched” and “ex-situ” GaN p-i-n structure have 

the similar value of 
𝑁𝑑

𝑁
 (Ga) and 

𝑁𝑑

𝑁
 (N) at the regrown interface (~350 nm), while the “in-situ” 

GaN p-i-n structure has the highest value of 
𝑁𝑑

𝑁
 (Ga) and 

𝑁𝑑

𝑁
 (N) at the regrown interface. “In-situ” 

has the highest Na (a-type TD) and lowest Nc (c-type TD), and “ex-situ” has the highest Nc. At the 

regrown interface, the effective depth-sensitivities for Si, Mg, and H are highest for ICP-etched. 

Near the regrown interface, the effective depth-sensitivities for Mg, and Si are enhanced for Ex-

situ. DAP emission for ICP-etched is enhanced at the regrown interface. DAP emissions are higher 

for in-situ than for ex-situ both in the regrown layer and at the regrown interface. The trend in Nc 
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mirrors the trend of the DAP emissions at the interface, with the “in-situ” having the lowest Nc and 

highest DAP, followed by “ICP-etched”, followed by “Ex-situ”, which has the highest Nc and 

lowest DAP. YL emission at the p-i interface for both the “ex-situ” and the “ICP-etched” structures, 

indicates the presence of VGa-SiGa defect complexes at the p-i interface. Similarly, the absence of 

YL emission for the “in-situ” structure suggests the absence of VGa-SiGa defect complexes. Thus, 

the YL emission at the p-i interface of the “ex-situ” and the “ICP-etched” structures indicates that 

the ambient exposure step of the GaN p-i-n structure preparation is associated with the introduction 

of silicon impurities.  

We hypothesize c-type dislocations decrease DAP and NBE, but excess Si, Mg, & H at 

interface increase DAP and NBE. We also hypothesize that for “ex-situ” and “ICP-etched”, the Si 

at the regrown interface suppress the activation of the Mg. For “ICP-etched”, the H at the interface 

help the activation of the Mg and compensate the DAP emission. “ICP-etched” is an ex-situ 

process, but unlike the untreated “ex-situ”, the electronic properties are partially restored to be 

comparable with the “in-situ”. This demonstrates that ex-situ growth with some treatment has the 

potential to have the growth interface properties comparable to that using in-situ growth condition. 

 

SUPPLEMENTAL MATERIALS  

 See the supplemental materials for ERDA and SIMS data, as well as the computed values 

of the energy loss rate, dE/dx, as a function of penetration depth for 5 and 10 keV electrons.  
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FIGURES AND TABLES 

 

FIG. 1: (a) Normalized channeling Rutherford Backscattering Spectroscopy (RBS) counts vs. 

Energy/depth for the GaN p-i-n structures, in comparison with that of the GaN substrate. The 

unaligned normalized yield spectrum is shown as a grey line. The aligned normalized yields for 

the substrate, “in-situ,” “ex-situ,” “etched,” GaN p-i-n structures are shown in black, purple, green, 

and red, respectively. The portions of the RBS spectra enclosed in the blue box in (a), the N edge, 

are shown in (b). The portions of the RBS spectra enclosed in the black box in (a), the Ga edge, 

are shown in (c). The “etched” GaN p-i-n structures have the lowest aligned yields at the Ga edge 
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and the N edge. (d) Fraction of displaced N atoms, Nd/N (N), vs. depth for “in-situ”, “ex-situ” and 

“etched” GaN p-i-n structures. The fraction of displaced N atoms is also the lowest for the “etched” 

GaN p-i-n structure. (e) Fraction of displaced Ga atoms, Nd/N (Ga), vs. depth for “in-situ”, “ex-

situ” and “etched” GaN p-i-n structures. The fraction of displaced Ga atoms is the lowest for the 

“etched” GaN p-i-n structure. 
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FIG. 2: X-ray rocking curves for the (a) symmetric (0004) 𝛥𝜔  scans and (b) asymmetric 

(101̅5) 𝛥𝜙  scans for the GaN substrate and the “in-situ”, “ex-situ” and “etched” GaN p-i-n 

structures. The FWHM of the 𝛥𝜔 and 𝛥𝜙 scans, 𝛿𝜔 and 𝛿𝜙, are used to estimate the densities of 

the c-type and a-type components of TDs, respectively, according to methods of Metzger et al. 

The “in-situ” has the lowest density of c-type and largest density of  a-type TD components. 
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FIG. 3: Effective depth-sensitivity of electrons to impurities. Convolution of depth-dependent 

electron-induced excitation of free-electron-hole pairs with depth-dependent areal impurity 

concentrations. The depth-dependence of electron-induced excitations were computed using a 

CASINO Monte Carlo simulation of energy loss rates. The depth-dependence of the areal impurity 

concentrations were determined using secondary ion mass spectrometry (for Si and Mg) and elastic 

recoil detection analysis (for H). For the Ex-situ sample, the effective depth-sensitivity for Si is 

enhanced at the p-i interface. For ICP-etched sample, the effective depth-sensitivity for Si, Mg, 

and H are enhanced at the p-i interface. 
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FIG. 4: Cathodoluminescence intensity vs. Energy for “in-situ,” “ex-situ,” and “ICP-etched” 

regrown GaN (a) 5 keV and (b) 10 keV incident electrons. The electron penetration depths reveal 

that 5 keV electrons probe the near-surface region and the 10 keV electrons probe the p-i interface 

region. For all GaN p-i-n structures, the donor-acceptor pair (DAP) and near-band-edge (NBE) 

emissions are observed at both the near-surface and the interface regions, while the GaN substrate 

(not shown) exhibits only the NBE emission. Interestingly, DAP emissions are highest for the “in-

situ” interface; and highest NBE and yellow luminescence (YL) emissions are highest for the 

“ICP-etched” interface. 
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Table. 1:  The measured values for the (0004) 𝛥𝜔 FWHM (𝛽𝜔), Pseudo Voigt fitting parameter 

(𝜂), (101̅5) 𝛥𝜙 FWHM (𝛽𝜙), and the twist angle (𝛼𝜙), and the calculated values for the tilt angle 

(𝛼𝜔), lateral correlation length (𝐿∥), c-type TD density (𝑁𝑐), and a-type TD density (𝑁𝑎).  
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