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Inductively coupled plasma-reactive ion etching (ICP—RIE)-induced damage in heavily Mg-
doped p-type GaN ([Mg] = 2 X 10 cm™) was investigated by low-temperature
photoluminescence (PL) and depth-resolved cathodoluminescence (CL) spectroscopy. From
PL measurements, we found broad yellow luminescence (YL) with a maximum at around
2.2-2.3 eV, whose origin was considered to be isolated nitrogen vacancies (Fn), only in
etched samples. The depth-resolved CL spectroscopy revealed that the etching-induced YL
was distributed up to the electron-beam penetration depth of around 200 nm at a high ICP—
RIE bias power (Ppias). Low-bias-power (low-Ppias) [CP—RIE suppressed the YL and its depth
distribution to levels similar to those of an unetched sample, and a current—voltage
characteristic comparable to that of an unetched sample was obtained for a sample etched

Wlth Pbias Of 2.5 W
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1. Introduction

GaN plays an important role in high-power and high-frequency semiconductor devices. In
recent years, GaN-based vertical trench-gate metal-oxide—semiconductor field-effect
transistors (MOSFETs) with a high breakdown voltage of > 1 kV and a low specific on-
resistance of 1.8 mQ cm? have been demonstrated and are in the spotlight'?. On the other
hand, GaN-based heterojunction bipolar transistors (HBTs) are also attracting attention for
their power handling capability, normally-off and expected high-frequency characteristics
Since GaN is a chemically resistant material®, dry etching techniques including inductively
coupled plasma-reactive ion etching (ICP-RIE) are widely used in device fabrication
processes. However, it is well known that ion bombardment in the dry etching processes
results in the formation of nitrogen vacancy (¥n)-related defect levels®”, which degrade
material and device characteristics®”. Therefore, reducing etching-induced damage is highly
desired for the development of GaN-based devices.

Various studies on dry etching techniques and post—dry-etching treatments have been carried
out towards the suppression of the damage in GaN. Looking first at dry etching techniques,
effects of a high stage temperature!®!'" and plasma conditions'>!® on the damage have been
investigated. As for postetching treatments, the wet etching removal of a damaged layer'?,

17-19
), and a

damage recovery utilizing N, plasma exposure!>'® or NH3/N, annealing
combination of these methods?” have been reported. Although these methods resulted in
improved electrical properties of an etched GaN film compared with those without any
treatment, it is difficult to recover the characteristics to those before etching. Recently, it has
been reported that [CP—-RIE with two- or multistep bias power (Ppias) including an ultralow
Prias combined with thermal annealing significantly suppressed the damage formed in n-type
GaN?!?2), and Schottky characteristics similar to those of an unetched sample were
demonstrated®?. It is also essential for the fabrication of high-performance GaN-based
vertical trench-gate MOSFETs and HBTs to suppress etching-induced damage in p-type
GaN; however, a low-damage dry etching technique for p-type GaN has not yet been
established. Moreover, there is little information on the damage in heavily Mg-doped p-type
GaN.

In this study, we investigated etching-induced damage in heavily Mg-doped p-type GaN by
low-temperature photoluminescence (PL) and depth-resolved cathodoluminescence (CL)
spectroscopy. In addition, low-Pyias ICP-RIE was carried out to suppress the damage and
improve the electrical properties. Compared with the previous study??, the distribution of

the damage was newly investigated by depth-resolved CL spectroscopy.

3,4)
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2. Experimental methods

Sample preparation started with the growth of a 1-um-thick heavily Mg-doped p-type GaN
layer ([Mg] = 2x10" cm™) on a c-plane Si-doped n-type free-standing GaN substrate by
metal organic vapor phase epitaxy. Fig. 1 shows the schematic process flow of surface
etching and electrode formation. After cleaning by the standard RCA procedure®?, the entire
surface of each sample was etched to 300+£10 nm by ICP-RIE (Samco RIE-200iP-NXT). In
the etching process, Cl, was employed as reactive gas with its flow rate and pressure kept at
30 sccm and 2.0 Pa, respectively. ICP antenna power was maintained at 150 W and Phpias was
set at 2.5, 5.0, 15, and 30 W for each sample within an error of 0.3 W. The corresponding
etching time was considered to be 1605, 428.5, 150, and 75.6 s, respectively. Afterward, the
samples were annealed at 973 K in N, atmosphere for 5 min by rapid thermal annealing
(RTA) so as to activate Mg acceptors.

Low-temperature PL and depth-resolved CL spectroscopy were performed to evaluate the
etching-induced damage and its distribution in the depth direction. PL measurements were
carried out using a continuous-wave diode-pumped solid-state laser with a photon energy of
3.875 eV under a weak excitation of 4 W/cm?. The temperature of the sample stage was
controlled in the range of 5-200 K, and spectra were measured using an Ocean Optics
FLAME-S UV-VIS spectrometer. Depth-resolved CL measurements were performed using
a GATAN MonoCL system installed on a Hitachi S4300 field-emission scanning electron
microscopy (SEM) device. The CL signal was dispersed using a 1200 lines/mm grating
brazed at 500 nm and detected using a Peltier-cooled photomultiplier tube. Electron-beam
energy (Ev) was varied from 3.0 to 10.0 keV to investigate depth-resolved luminescence
properties of the samples down to depths of around 700 nm. Electron-beam current (/) was
also modified while monitoring its value using a Faraday cup to control electron-beam power
(Po=Epb x I).

To evaluate electrical contacts on the etched surfaces, Ni/Au metal stacked electrodes were
formed on the samples. A 20-nm-thick Ni layer and a 100-nm-thick Au layer were deposited
by electron-beam evaporation and alloyed at 798 K in Oz atmosphere for 5 min by RTA.
Subsequently, current—voltage (/-}) measurement was carried out using a Keysight BIS00A

semiconductor parameter analyzer.

3. Results and discussion

Fig. 2 shows the low-temperature PL spectra of (a) unetched p-type GaN and (b) p-type GaN

3
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etched by ICP-RIE with Ppias of 15 W. Two or three sets of PL bands can be seen for each
sample. The first set is an ultraviolet luminescence (UVL) band with a main peak at around
3.29 eV. The main peak originates from the transition of a shallow donor or the conduction
band minimum to a Mg acceptor substituted in a Ga site (Mgca)*>, where the following peaks
at 3.20, 3.10, and 3.02 eV are its LO phonon replicas*. The second set is a blue
luminescence (BL) band with a peak at around 2.6 eV. This luminescence is unique to heavily
Mg-doped GaN, and its origin is the transition of a deep donor to a Mgga acceptor?. The
final set is a yellow luminescence (YL) band with a maximum at around 2.2-2.3 eV, which
was only seen in the etched samples. Kato et al. investigated deep levels in n-type GaN
etched under conditions similar to those used in this study by deep-level transient
spectroscopy (DLTS). They observed an increase in the concentration of donor-type defects
with an activation energy of 0.25 eV and concluded its origin to be Vn*". Yan et al. studied
the effects of I’y on electrical and optical properties of Mg-doped GaN using hybrid
functional calculations. They reported that the isolated V'n acts as a compensation center with
a 3+ charge state in Mg-doped p-type GaN and gives rise to a PL peak at 2.18 eV?9,
Therefore, the ICP-RIE-induced I'x is a plausible candidate for the origin of YL.

In addition, it was observed that the YL-to-UVL ratio varied with Ppias. The dependence of
the ratio on Phias is shown in Fig. 3. The ratio was calculated by dividing the integral intensity
of YL by that of UVL, which were measured at the stage temperature of 200 K. In this study,
energy ranges of YL and UVL were defined as 2.1-2.3 eV and 3.1-3.5 eV, respectively. The
ratio tended to increase with Ppias. Cao et al. investigated the effects of Ar or H> plasma
exposure on the electrical properties of p-type GaN films and reported that the concentration
of shallow donor states induced by plasma exposure depended on ion energy'?. Therefore,
the trend suggests an increase in etching-induced damage, i.e., the total number of V'n, owing
to high ion energies at a high Ppias.

Depth-resolved CL spectroscopy was carried out by measuring room-temperature CL
intensity as a function of electron-beam penetration depth. The relationship between the

penetration depth and Ey is roughly expressed as 27-2®)

0.02764A

Ko = 7089, Ey®, e

where Rko is the Kanaya—Okayama penetration depth (um), 4 is the molecular weight
(g/mol), Z is the average atomic number, p is the density (g/cm?), and Ey is the electron-beam
energy (keV). It has also been reported that the maximum CL generation depth approximated

from a total primary electron energy-loss profile is about 0.3Rko>*3?. To obtain depth-
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resolved properties as changes in CL signal intensity, P, was fixed at a low value of 12 pW3%),
The SEM scanning area was also fixed at 127x95 um? in all the measurements. Fig. 4 shows
the room-temperature CL spectra of the sample etched by ICP—RIE with Ppias of 15 W and
Ey set at 3.0, 5.0, and 7.0 keV. Emission peaks in the UVL, BL, and YL bands similar to
those in the PL spectra shown in Fig. 2(b) were observed, and the YL-to-UVL ratio of each
peak depended on Ey. Fig. 5 shows the dependence of the YL-to-UVL ratio on Ey for the
unetched sample and for the samples etched by ICP—RIE with Ppiss 0f 2.5 and 15 W. The top
horizontal axis shows the corresponding electron-beam penetration depth and maximum CL
generation depth. Looking first at the signal for the sample etched by ICP—RIE with Ppias of
15 W, a relatively high YL-to-UVL ratio was observed at low energies, which dropped at Ey
of 5.0-6.0 keV. This suggests that a high concentration of YL luminescence centers, i.e.,
isolated I'n, exists up to the maximum penetration depth of about 200 nm from the surface,
and the concentration decreases rapidly at greater depths. Although the depth of damage
depends on the plasma conditions, when considering the maximum CL generation depth, our
value of 0.3Rko~ 60 nm is of the same order of magnitude as that determined by wet etching
and electrical methods in previous studies'>??. Note that a relatively high YL-to-UVL ratio
observed at a high E, (~10 keV) is due to the underlying Si-doped n-type GaN substrate®?.
On the other hand, for the sample etched by ICP—RIE with Pyias of 2.5 W, a ratio similar to
that of the unetched sample was observed. This means that there are almost no etching-
induced Iy at a penetration depth of more than 100 nm. Therefore, low-Ppias ICP-RIE with
a low ion energy suppressed the introduction of etching-induced damage in the depth
direction.

Finally, electrical contacts on the samples were evaluated by /- measurements. Fig. 6 shows
IV characteristics of the unetched and etched samples. The /-V curves of the etched samples
become closer to that of the unetched sample upon reducing Pbias. In particular, for the sample
etched by ICP—RIE with Pyias of 2.5 W, the /-V characteristic is almost identical to that of
the unetched sample. Fig. 7 shows intercept voltage (Vint) as a function of Ppias, and the inset
shows the definition and extraction of Vin from an -V curve®?. Vi represents voltage drop
in the damaged layer and is an indicator of ohmic characteristics®®. Vin: tended to increase
with Pyias. Narita et al. investigated the surface band bending of an etched p-type GaN film
by hard X-ray photoelectron spectroscopy and found that the thickness of a layer containing
a high concentration of deep donors, which forms a hole barrier, increased with Pyias®>. As
mentioned previously, an emission peak in the YL band, which is likely caused by isolated

I'N acting as a trivalent donor, was observed from the PL spectra of the etched samples, and
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the results of depth-resolved CL spectroscopy suggest that V' are introduced deeply with
increasing Pyias. Therefore, it is assumed that the higher Viy at a higher Ppias results from the

thickening of the hole barrier caused by the introduction of V' to a greater depth.

4. Conclusions

We investigated the etching-induced damage in heavily Mg-doped p-type GaN. From low-
temperature PL measurements, broad YL emission with a maximum at around 2.2-2.3 eV,
which is likely caused by isolated VN, was observed only in the etched samples. Depth-
resolved CL spectroscopy based on room-temperature CL measurements revealed that the
etching-induced YL was distributed up to the electron-beam penetration depth of around 200
nm at a high Ppias. LOW-Ppias [CP-RIE was carried out with the aim of reducing damage, and
it was found to reduce the YL-to-UVL ratio and its depth distribution to values similar to
those of the unetched sample. Reducing Puias could also improve the electrical
characteristics; the /~V characteristic of the sample etched with Ppias of 2.5 W was
comparable to that of the unetched sample. It is thus concluded that low-Ppias [ICP—RIE is
effective for suppressing etching-induced damage in heavily Mg-doped p-type GaN and

improving the electrical properties of the etched surface.
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Figure Captions

9 Fig. 1. Schematic process flow of surface etching and electrode formation.

13 Fig. 2. Low-temperature PL spectra of (a) unetched p-type GaN and (b) p-type
GaN etched by ICP-RIE with Pyias of 15 W. The temperature of the sample stage
16 was controlled in the range of 5-200 K.

20 Fig. 3. Dependence of YL-to-UVL ratio on Ppias. The ratio was calculated by dividing the
21 integral intensity of YL (2.1-2.3 eV) by that of UVL (3.1-3.5 eV), which were measured at
23 the stage temperature of 200 K.

Fig. 4. Room-temperature CL spectra of p-type GaN etched by ICP—RIE with Ppias of 15 W.
28 Ey was set at 3.0, 5.0, and 7.0 keV and P, was fixed at 12 uW.

32 Fig. 5. Dependence of YL-to-UVL ratio on E} for unetched sample and samples etched by
ICP-RIE with Ppiss of 2.5 and 15 W. The top horizontal axis shows the corresponding
35 electron-beam penetration depth and maximum CL generation depth.

39 Fig. 6. -V characteristics of unetched and etched samples.

42 Fig. 7. Intercept voltage (Vint) as a function of Ppias. The inset shows the definition and

44 extraction of Viy from an I-V curve’?.
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