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ABSTRACT

Atomic layer etching (ALE) was performed on (Al In, Ga)N thin films using a cyclic process of alternating Cl, gas absorption and Ar™ ion
bombardment in an inductively coupled plasma etcher system. The etch damage was characterized by comparing photoluminescence of blue
single quantum well light-emitting diodes before and after the etch as well as bulk resistivities of etched p-doped layers. It was found that
etched surfaces were smooth and highly conformal, retaining the step-terrace features of the as-grown surface, thus realizing ALE. Longer
exposures to the dry etching increased the bulk resistivity of etched surfaces layers slightly, with a damaged depth of ~55 nm. With further
optimization and damage recovery, ALE is a promising candidate for controlled etching with atomic accuracy. It was found that Aly;GagoN
acts as an etch barrier for the ALE etch, making it a suitable etch to reveal buried V-defects in III-nitride light emitting diodes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159048

Group IIT nitrides (III-N) are important semiconductors forming
the basis of light-emitting diodes (LEDs) and are gaining traction for
use in power electronics, which applications extend from display tech-
nologies, communications to electric vehicles. One of the major road-
blocks to III-N device design and fabrication is the lack of a wet
etchant for Ga-face c-plane GaN, which is the dominant growth crystal
plane of most GaN-based thin films."* While various low damage
photoelectrochemical (PEC) etching techniques have been reported
for Ga-face c-plane GaN, the resultant etched surfaces tend to be
rough with formation of whiskers and etched pits.1’4’7 Hence, there is
need to develop low damage dry plasma etching techniques to enable
device fabrication on III-nitrides, such as atomic layer etching (ALE).
The technology of ALE dates to 1990, when the first ALE etching of Si
was demonstrated.® ALE of GaAs was first reported in 1996,” Ge in
1997," and GaN in 2002."'

For ALE etching of GaN, etching is usually achieved by first dos-
ing the sample surface with Cl, gas, with which Cl adsorbs onto the
dangling bonds of the material surface.'” ' This step lowers the
energy required for subsequent desorption of the Cl-terminated top
layer—presumably either in the form of GaCl or GaCls.'™'® The nitro-
gen atoms are desorbed as nitrogen gas, N,.' Once the surface is satu-
rated with chlorine, the chamber was evacuated. In the third step, the
energy required for such desorption is provided typically by an Ar*
ion plasma. The chamber is once again pumped down in preparation
for the next cycle. However, the technology for GaN is far from

maturity—with most recent publications reporting some form of dam-
age to the etched surface or sidewalls.”'*'® Fukumizu et al. observed
degradation of near band edge emission of the AlGaN surface layer
etched using CL,/Ar ALE chemistry, with the increased damage for
increased exposure to the Ar plasma.'” Ruel et al. reported degradation
of sheet resistance of the etched surface. They also reported recovery
using additional N, annealing."*

The following work discusses the various characterization per-
formed to justify or disqualify use of present ALE technology for surface
sensitive devices, as well as microscopic and spectroscopic studies, such
as electron emission spectroscopy (EES), electron emission microscopy
(EEM), and photoemission spectroscopy (PES)."” " First, the degree of
etch damage affects the emitting surface and transport properties.
Second, the etch damage will modify transport properties throughout
the damaged region—introducing scattering centers and altering diffu-
sion lengths. If the damage depth is large, it also places an upper limit
on etch depth, as further etches will result in damage to the active region
in optoelectronic devices, altering the devices altogether.

An Oxford PlasmaPro 100 Cobra, an inductively coupled plasma
(ICP) etcher with ALE capabilities, was used for the studies.”’ The
ALE process used Cl, as the adsorption gas and Ar™" as the sputtering
ion source, with the parameters listed in Table I as recommended by
the supplier.”’

We note that the self-bias voltage during the Ar™ etch step was
15V. The chamber undergoes a long 30 min Cl,/O, plasma clean and
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TABLE 1. The conditions during atomic layer etching in the Oxford PlasmaPro 100
Cobra.

Cl, Dose Exposure time (t¢y) 0.04s
Chamber pressure (P¢;) 15 mTorr
Cl, flow rate 50 sccm

Cl, Exhaust Exhaust time 8.00 s

Ar' Etch Exposure time (t4,) 350 s
Chamber pressure (Py4,) 10 mTorr

ICP Power 500 W
Ar flow rate 100 sccm

Forward Bias Power 10 W

Ar" Exhaust Exhaust time 1.50s

a 50-cycle ALE conditioning run prior to etch. Samples ranging from
sizes 5 x 5 to 10 x 10 mm” were mounted onto a 100 mm roughened
sapphire carrier wafer using Santovac vacuum oil. The carrier was
held at 20°C through liquid nitrogen cooling.”" Samples were dipped
in buffered hydrofluoric acid (BHF) to remove surface oxides prior to
introduction into the etching chamber.

For etch rate calibration, 100 nm of UID-GaN were grown on an
AlGaN interlayer/GaN template/sapphire using ammonia molecular
beam epitaxy (MBE) and plasma-assisted molecular beam epitaxy
(PAMBE). The layer thicknesses are determined by measuring fringe
spacing of the (0002) scan using x-ray diffraction (XRD) on a
PANalytic MRD PRO diffractometer. A Seoul VioSys green multiple
quantum-well (MQW) light-emitting diode (LED) sample was used to
check for lithography compatibility of the technique. The sample was
grown on a flat sapphire, with a pre-well InGaN/GaN superlattice (SL)
structure, InGaN MQW with AlGaN cap and GaN quantum barrier
(QB), and an AlGaN electron blocking layer (EBL). X-ray photoemis-
sion spectroscopy (XPS) was performed using a Thermo Scientific
ESCALAB Xi+ x-ray photoelectron spectrometer microprobe on
etched surfaces to determine the surface alloy composition by fitting
Al 2p and Ga 3p peaks to obtain their respective atomic percentages.
Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) were also performed on etched surfaces of the samples to char-
acterize surface morphology and smoothness. For damage depth char-
acterization, a blue Inj;5GaggsN single quantum-well (SQW) LED
capped with 100 nm of UID-GaN was grown by metalorganic chemi-
cal vapor deposition (MOCVD). The sample was grown on a double
side polished sapphire with the pre-well InGaN/GaN SL structure.
Since the InGaN SQW disrupts the periodicity of the (0001) planes,
clear thickness fringes in high resolution x-ray diffraction experiments
can be attributed to the UID-GaN layer and, thus, the etch rate was
also measured from the InGaN SQW sample. Two 150 nm p-GaN
samples, one medium doped p-GaN ([Mg] =5 x 10" cm™>) and one
highly doped ([Mg] =2 x 10%° cm ), were also grown on the single
side polished sapphire using MOCVD for damage characterization
using circular transmission line measurement (CTLM). The lower
doped sample, henceforth referred to as MDp, corresponds to stan-
dard doping in the p-layer of an LED structure. The highly doped sam-
ple, henceforth referred to as HDp, corresponds to a typical highly
doped p-contact layer. All grown samples were grown on the (0001)
plane.

pubs.aip.org/aip/apl

We found no significant differences in the etch rate per cycle
between samples grown by different methods or doping, averaging at
2.7 A/cydle indicating atomic layer etching [GaN atomic layer separa-
tion at 2.6 A along the (0001) direction]. There was also no measured
etch rate variation with sample size or location on the carrier wafer.
With the etch rate per cycle reasonably consistent, we turn our atten-
tion to the damage resulting from the dry etch. If the ion bombard-
ment introduced large amounts of lattice breaking and dangling
bonds, we may observe a large change in surface morphology of the
etched surfaces, either through formation of etch pits or significant
roughening of the surface.””*’ Atomic force microscopy (AFM) of
etched ammonia MBE and PAMBE samples indicate that there is no
added surface roughness, with the etch being mostly conformal, with a
small smoothing effect at larger number of etch cycles. It is notable
that no etched pits were introduced throughout the etch, which is
commonly observed in etching of GaN as small hexagonal or circular
depressions forming at the intersection of the dislocations and the
sample surface.” *° The average roughness for 5x 5um’ scans
remains ~1nm from pre-etch to post 225 etch cycles, as indicated in
Fig. 1. The features remain similar after 50 and 225 etch cycles, with
clearly defined step-terrace structure throughout the etch process and
neither significant smoothing nor roughening taking place.

A deep hole was exposed on the PAMBE sample after 225 cycles
of etching, which may be a previously buried extended defect in the
sample. This hinted at the possibility of exposing filled-in V-defects in
LEDs for V-defect characterization.””** The etches were repeated on
the Seoul VioSys multi-quantum well (MQW) sample, with lithograph-
ically defined squares to ensure lithography compatibility of the etch
technique [see Fig. 2(a) inset for the epitaxial structure of the LED].

4.0nm
30
20
1.0
0.0
-10
-20

50 cycles, 225 cycles

FIG. 1. AFM images of a PAMBE grown UID-GaN sample after different numbers
of ALE cycles. The root mean squared roughness remains in ~1nm, unchanged
from unetched sample (0 cycles) to 225 cycle of etches. A deep hole was exposed
after 225 cycles, which may be a previously buried defect in the sample.
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FIG. 2. At shallow etch depths (100 cycles, 22 nm etch depth), the etch was confor-
mal and smooth as demonstrated by the SEM image in (a) and by AFM in (b). The
epitaxial layer of the Seoul VioSys LED is depicted in inset of (a). At larger ALE
etch cycle numbers (250 cycles), V-defects were exposed and is clearly resolved
using AFM as seen in (c) as Aly;GaggN acted as an efch barrier to ALE for the
employed etch parameters. The V-defect density matched that measured in plan-
view TEM in (d). In (e), the same etched surface as with (c) was imaged using
SEM.

This is essential for devices where only lithographically exposed areas
must be etched, such as etched-and-regrown gates in high-electron
mobility transistors. As surface oxides serve as an etch barrier, we used
SiOy as a potential hard mask for the etch. For characterization of the
etched surface, we employed SEM and AFM.

In Fig. 2(a), the etched surface at 22 nm etch depth as observed in
SEM is smooth with no visible surface depressions, with clear pattern-
ing arising from the SiOy hard mask etching only the exposed areas
and ensuring its lithography compatibility. When a deeper etch was
employed (150 cycles), it was observed that the etched surface was full
of hexagonal shaped depressions (inverted hexagonal pyramids),
which extended below and past the top quantum wells. Since such
hexagonal shaped depressions were not observed in the AFM scans of

ARTICLE pubs.aip.org/aip/apl

etched ammonia MBE or PAMBE grown GaN samples, they cannot
be etch pits due to the physical etch, and should be buried features
already present in the unetched material. Further etches eventually
prevented further removal of material, indicating presence of an etch
stop layer. At 250 cycles of etch, a quick calculation using the
5 x 5um”> AFM scans in Fig. 2(c) indicated a density of 6 x 10°
cm >, which corresponds well to the expected V-defect density of the
wafer independently measured using plan view transmission electron
microscopy (TEM) showed in Fig. 2(d). The well-defined pits indicate
that the etch conditions employed suggest selective etching of GaN
over AlGaN. The etch only reveals V-defects, which are filled in during
growth without introducing new hexagonal pits from additional
threading dislocations or surface defects, making ALE an excellent tool
for systematic etch back of LEDs for quick intentional V-defect char-
acterization without the need for growth interrupts or the complexity
of a TEM characterization.”” ** The exposed V-defects are also imaged
using SEM in Fig. 2(e), However, due to the removal of the higher
doped regions there is significant charging effects, hence ALE followed
by AFM is recommended for V-defect characterization. XPS data of
the etched surface at 250 etch cycles show 10% Al content, which is
only possible if the etch was stopped at the EBL [see Fig. 2(a) inset for
the epitaxial structure].

We can characterize the depth of the damage by etching struc-
tures containing single quantum wells.””*” For the SQW sample, the
top UID-GaN was systematically etched toward the quantum well
using ALE. Should the QWs be damaged due to the dry etch, we
would expect a decrease in photoluminescence (PL) intensity, such as
that shown in Fig. 3(a).”>** The distance from the QW in the direction
of etch (crystal growth) at which the PL intensity decrease is first
observed corresponds to the depth of the damage.”””” The etch depth
was measured using XRD, and the PL spectra were obtain by resonant
excitation of the quantum wells using a 375 nm pump laser for differ-
ent etch depths using ALE. The PL spectra of an unetched reference
sample were used to correct for small changes in beam intensity and
angles.

As seen in the change in PL intensities plotted in Fig. 3(b), the
damage is low for ALE at small etch depths. At 80 nm etch depth cor-
responding to 20nm from the quantum well, the PL intensity is
unchanged from that of ~55nm from the quantum well with a 30%
loss in intensity. This implied that from 150 to 200 cycles of ALE there
is no accumulated damage due to the additional cycles. Hence, we can
conclude that for material quality sensitive devices, the final etched
surface should be more than 55nm away from the damage sensitive
layers. For ICP etch using Cl,/BCl3/Ar, it has been shown that the Cl
radical intensity have little effect on the etch damage.” This implies
that the damage is not due to plasma-induced charging or plasma-
induced irradiation.”””* This leaves physical damage as the only possi-
ble source of damage. The expected penetration depth for the low
energy ions at self-bias of 15V is only ~1 nm, which is much less than
the depth of damage measured. As mentioned, there are many ways
for the damage to propagate, either via diffusion, channeling, or sec-
ondary collisions.” *°

We attempt to quantify the degree of damage due to the etch on
typical p-doped regions of an LED by measuring the sheet resistance,
Rs of the etched regions and the corresponding bulk resistivity using
circular transmission line measurements (CTLMs).””*® The MDp and
HDp samples are subjected to ALE etches, which resulted in 22, 44,
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FIG. 3. The PL overall intensity was observed to decrease at 44 nm etch depth
(~55nm from quantum well) as shown in (a), while the integrated change in inten-
sity of PL is plotted in (b).

and 66 nm etch depth. The p-metal contact, 30/300 nm of Pd/Au, was
patterned and deposited post-etch. The resistances, R, of the various
gap sizes follow the CTLM analytical equation:

“(6) 1. (i)
of 7~ o\ 7
_ Vineasured _ & In 1’_1 + ﬂ . Lt + ﬂ . Lr
fo To I To " K n 7
LT LT

Iapplied - 2n
1

where Lpplied and Vineasured are the applied current and measured volt-
age (or vice versa); r and r; are the inner and outer radii of the CTLM
device annulus; Ly is the transfer length of the contact-semiconductor
interface; and I, and K, are modified Bessel functions of the first and
second kind of order a, respectively.””*”"’ The specific contact resis-
tivity of the interface is hence p. = RsLy?. While in application the
CTLM analytical equation can be applied to any reasonably ohmic
contact, it is important to distinguish between an ohmic contact and a
Schottky contact. In the latter, the diode contribution will show up as
a current barrier. As such, a direct application of the CTLM equation
will overestimate the sheet resistance while underestimating the spe-
cific contact resistance. Nevertheless, it is still possible to estimate the
sheet resistance for any reasonably linear current-voltage curves

pubs.aip.org/aip/apl

(I-V), and the trend of bulk resistivity calculated from the sheet resis-
tance with increasing etch depths is expected to be illustrative of the
accumulated damage due to the dry etching, if any.

The ohmic nature of the contacts can be represented by their lin-
earity in terms of Pearson’s coefficients for linear fits of the current -
voltage curves, where a perfectly ohmic contact will have Pearson’s
coefficient of 1, and a contact is Schottky at Pearson’s coefficients less
than approximately 0.9. For MDp, we observe Schottky contacts even
for the unetched reference [Fig. 4(a)]. That said, the Pearson’s coeffi-
cients are still fairly close to 0.9, hence we will proceed with estimating
the sheet resistances and hence bulk resistivity using the CTLM
method. The current-voltage curves remain highly linear for the dif-
ferent gap sizes for HDp with Pearson’s coefficient >0.9 for all etch

(@)’ _,,

o
©
[&)]

MDp: IV Linearity
& ;
o

0.85
0.8 f
(b)
> 1 WX
@
2095}
S ./I——".——_.—__._.
>
~ 09r
o
=)
I -
0.85 —©— ALE 22 nm —i— ALE 66 nm
A\ ALE 44 nm =—— Reference
0.8— L L L L ;
5 10 15 20 25 30
CTLM Gap Size (um)
2 : : . :
= 10 ©
= ./.\'.\0
<3
>
=
B 10
wn
(0]
14
X~ —O— MDp
@ —@— HDp
10° : : . :
0 20 40 60 80

Etch Depth (nm)

FIG. 4. The linear fit Pearson’s coefficients for MDp and HDp are plotted in (a) and
(b), respectively. The fitted bulk resistivity for MDp and HDp etched using ALE are
plotted in (c). The reference data points in (a) and (b) correspond to the etch
depth =0 nm data in (c). Lines are only to guide the eye.
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depths using both etch techniques. In general, the larger gap size devi-
ces have higher linearity due to the larger resistance component com-
pared to the diode component of a Schottky contact.

For HDp, the bulk resistivity obtained from the fitted sheet resis-
tances remained unchanged at ~40 Q cm regardless of etch depth, as
shown in Fig. 4(c). This implied that there is little to no damage for
ALE as the change to the resistances due to etches are smaller than the
variation in fitted sheet resistances of the unetched highly doped mate-
rial. In contrast, for the MDp samples there was a clear trend with
increasing etch depth, where the calculated bulk resistivity increases
gradually with increasing etch depth from 5 to 15 Q cm. The increase
is, however, small, indicating very little accumulated damage in the
remnant layers with increasing etch depth. Note that the bulk resistiv-
ity values for MDp was lower than HDp due to the self-compensating
effect of Mg in Mg-doped GaN."!

In conclusion, our studies generally indicate while the damage is
deep, and the resultant bulk resistivities indicate that the damage is
very small, with no significant measured change from 100 to 200
cycles of etches. The finite thickness of damaged region places a lower
bound on the remnant p-layer thickness in these studies, which can be
designed around experimentally. Nevertheless, for surface sensitive
devices, a damage recovery step post-etch is highly desirable and
should be developed. Morphologically, ALE produced etched surfaces
that are smooth, being highly “conformal” with no added roughness
due to etch, retaining the step-terrace features of the as-grown surface.
The high etch selectivity of ALE for GaN over Aly;GagoN combined
with the smooth etch morphology makes ALE a useful tool to charac-
terize V-defects in nitride LEDs.
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