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Previously reported UV-C laser diodes (LD) structures have been subject to design constraints owing to dark line
defects at the edge of the mesa stripe after device fabrication. To address this issue, a detailed analysis revealed that
the dark line defects were dislocations generated by local residual shear stresses associated with mesa formation on
highly strained epitaxial layers. A technique for controlling the local concentration of shear stress, using a sloped
mesa geometry, was proposed based on the insights gained by modeling the stress distribution at the edge of the
mesa stripe. Experimental results showed that this technique succeeded in completely suppressing the emergence of
dark-line defects. This technique will be useful in improving the performance of pseudomorphic AlGaN/AIN-based

optoelectronic device including UV-C LDs.

Laser diodes (LDs), which have an emission wavelength
between 270 and 280 nm (in the UV-C range) and which are
based on the pseudomorphic growth of AlIGaN on AIN sub-
strates, have been demonstrated in prior works!?. However,
many practical applications of these devices will require im-
proved performances, including higher efficiency, and better
lifetime and reliability. One key issue noted in the prior work
was the appearance of dark line defects at the laser strip mesa
edges during thermal annealing?. The dark line defects de-
teriorate the active area at the edge of the mesa, forcing the
p-electrode to be placed away from the mesa edge so that the
current path avoids this area. This limitation of p-electrode
placement has been a serious obstacle in reducing the series
resistance of UVC-LD devices since it is strongly impacted by
the current path length in the n-cladding layer. For instance,
continuous-wave (CW) operation of a UV-C LD was recently
achieved® at 5°C where the n-AlGaN layer (with 75% Al
content) had a resistivity of 0.011 Q-cm and a thickness of
350 nm. The dark line defects near the edge of the mesa forced
the p-electrode to be placed 15 um from the corner of the
mesa trench. For these parameters, in a 600-um-long laser
diode, every 5 um of extra distance increases the resistance
between an n- and p-electrode by 2.6 Q. Room temperature
CW operation could not be achieved because Joule heating
from the diode’s series resistance increased the junction tem-
perature, which in turn significantly increased the threshold
current needed for lasing. Reducing the series resistance by
increasing the thickness of the n-cladding layer or decreasing
the Al content are severely constrained by the overall thick-
ness limitations required by pseudomorphic growth,* which
is desired for low defect density,!” and the optimization of
electron injection into the waveguide and active layer while
achieving sufficient optical confinement>©.
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The origin of the dark line defects appeared to be dis-
locations originating from the mesa edge. Dislocation for-
mation due to the presence of mesas has been reported in
other material systems. In those studies, the localized shear
stress generated by a strongly strained hetero-interface is men-
tioned as a driving force for the formation and propagation of
dislocations.””” While uniform pseudomorphic AlGaN layers
will have uniform compressive strain across the entire wafer
(with the exception of the wafer edges), etching mesas into the
highly strained layers (for example, a pseudomorphic layer of
Al,Ga;_xN with x = 0.7 has a compressive strain of 0.7%)
produces similar, large localized shear stresses at the mesa
corners since the mesa sidewalls are no longer constrained to
fit the underlying substrate.'%!!

In this work, a detailed observation of the regions where
dark line defects appeared revealed the contribution of dislo-
cations from the mesa edge. Further analysis was also carried
out to understand the nature of these dislocations. The origin
of dislocations and the localization of shear stresses are dis-
cussed by modeling the stress distribution at the mesa edge us-
ing the elastic properties of AlGaN alloys. A practical method
to control the local shear stress by creating a slope at the mesa
edge, is proposed and verified to completely suppress the for-
mation of dark line defects. By comparing the experimental
observations of dark line defects formation with the maximum
shear stress present for different slopes of the mesa wall, the
boundaries were determined for initiating dislocation slip.

AlGaN-based UVC LD structures were grown on single-
crystal AIN substrates by metal organic vapor phase epi-
taxy. Each UV-C LD consists of a 350-nm-thick n-
type Alp7Gag 3N n-clad layer, a 100-nm-thick Al 3Gag37N
waveguide layer with multiple quantum wells, a 320-nm-thick
p-type distributed-polarization doped (p-DPD) cladding layer
with an average Al composition of (.85, and a p-contact layer.
Details of the UV-C LD structure and fabrication procedure
can be found in a previous report®>. A dry etching process us-
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FIG. 1. Analysis of dark line defects appearing at mesa edge. (a) Schematic of the UV-C LD mesa structure. (b) Cross-sectional BSE image.

(c) Plan-view SEM and CL images. (d) Plan-view TEM image.

ing CI gas was employed to isolate the p-contact layer for cur-
rent narrowing while simultaneously forming the mesa stripes
along the [1100] direction. Electrode metal deposition (used in
the standard LD fabrication process) was not carried out to en-
able further analysis, while thermal treatments, i.e. the rapid
thermal annealing of 850 °C for n-metal and that of 550°C for
p-metal, were performed just as in the actual electrode fabrica-
tion process. A schematic drawing of the fabricated structure
is shown in Fig. 1(a).

The fabricated structure was observed by cross-sectional
backscattered electron microscopy (BSE), plan-view cathodo-
luminescence (CL), and plan-view scanning electron mi-
croscopy (SEM) and transmission electron microscopy
(TEM). The schematic of the viewing spots and orientations is
depicted in Fig. 1(a). As shown in Fig. 1(b), the conventional
mesa trench is etched down to the n-cladding layer, and the
mesa angle is nearly perpendicular to the epilayer surface. For
the plan-view CL measurement, monochromatic imaging was
used to observe the emission of the active layer. Dark line de-
fects, where radiative recombination was inhibited, were ob-
served as far as 12 um inside the mesa edge. As shown in

the planar TEM image in Fig. 1(d), numerous dislocation lines
were observed within the region where dark line defects ap-
peared in the CL image. No dislocation lines could be found
more than 12 um away from the the mesa edge. Therefore,
it is clear that dislocation generation induces the formation
of nonemitting regions. The observed dislocation lines are
mostly in [1100] direction while some extending diagonally.
Those dislocations running parallel to the [1100] direction ap-
pear to be part of dislocation loops which start at the mesa
wall. In fact, there are small half-loop defects near the cor-
ner of the mesa trench on the etched surface. The dislocations
further from the mesa edge become more parallel to the mesa
stripe. This seems likely to be due to the repulsive interaction
of small dislocation loops with identical Burgers vectors’.

To determine the Burgers vectors of the observed disloca-
tions, g - b analysis was carried out for the designated area at
the mesa edge, as shown in Fig. 1(d). Figure 2 shows the plan-
view TEM images observed under the [0001] zone axis and
g = 1100, g = 0110, and g = 1120 conditions. The contrast
vanished for all dislocations observed under the g = 1100 con-
dition compared with other observed dislocations, indicating



Manuscript

(b) DF-TEM

i
|

10000 ‘B
[yi2e) ©
[{Touy /

)

FIG. 2. Plan-view TEM images at the the mesa edge under (a) Bright-field image with [0001] zone axis and (b) dark field images with g = 1100,

g = 1100, and g = 1120.

that the Burgers vector of the observed dislocations is parallel
to the [1120] direction which corresponds to g-b = 0. This
result showed dislocation lines in the direction of [1100] con-
sistent with (0001) basal plane slip, {0001}(1120)!>!3. No
partial dislocations or stacking faults were found providing
strong evidence that the observed dislocations were the result
of slip due to forces perpendicular to the mesa stripe.

The occurrence of basal plane slip at mesa structures has
been reported in other material systems such as InGaN/GaN
and AIN/SiC heterostructures”!%!3. One feature in common
with our study is that the epitaxial layers are being grown with
large strains due to lattice mismatch, and the symmetry of the
plane stress is broken by the formation of mesa trench. The
mesa wall will elastically deform after mesa formation, be-
cause the walls of the mesa are no longer constrained and
strain will be relieved. In the aforementioned studies, the
unconstrained endpoints of heterointerfaces at the mesa wall
become spots where high shear stresses concentrate. Conse-
quently, the dislocations are propagated from the mesa wall
along the heterointerfaces in proportion to shear stress that in-
creases with the strain of epitaxial layer. In the case of the
InGaN/GaN mesa structure, for instance, dislocation loops
were formed when the misfit strain was greater than 2.3%,
and the dislocation penetration depth becomes larger as the
misfit strain increases as a result of an increase in the in-
dium composition.” Another common feature is a relatively
low density of threading dislocations so that the glide of dis-
locations along the basal plane is not overly suppressed by en-
tanglement with the threading dislocations. The most signif-
icant difference from previous studies is that the mesa trench
is etched down to the n-cladding layer which is subjected to
compressive stress of about 3 GPa by pseudomorphic growth
on the AIN substrate. Therefore, the corners of the mesa
trench, which are etched into the highly strained n-cladding
layer, can also become spots where shear stresses are concen-

TABLE I. Lattice constants and elastic constants (in GPa unit) used
in the simulation. Values for AlyGa;_yN were interpolated using
Vegard’s law.

a (nm) Cii Cip Ci3 Cs3 Cyq
GaN? 0.3186 373 141 80 387 94
AINP 0.3112 394 134 95 402 121

17
18

2 Reference
b Reference

trated. Indeed, the observed dislocations were not at any of the
heterointerfaces in the LD structure, but rather were observed
in the uniform n-AlGaN cladding layer where they appear to
have glided in from the corners of the mesa trench. Since
the shape of the mesa will change the shear stress distribu-
tion at the corners of the mesa trench, an appropriate control
of the mesa wall might enable the control of the formation of
dislocations!®. Also, the dislocations are formed not after epi-
taxial growth but only after heat treatment of the etched mesa
at high temperature®. On the basis of discussions above, the
relationship between the shape of the mesa and the shear stress
distribution, as well as the effect of annealing were quantita-
tively investigated.

The residual shear stress was numerically simulated by the
finite element method (FEM) to gain insight into its distribu-
tion and magnitude as a function of the mesa shape. Both Al-
GaN and AIN were modeled as anisotropic elastic materials.
The Cartesian coordinates x, y, and z stand for the crystallo-
graphic directions of [1120], [1100], and [0001], respectively.
The elastic constants of AlGaN in the 6 x 6 elastic matrix with
six fold symmetry were defined using Vegard’s law consider-
ing the constants listed in Table I. The p-DPD cladding layer
was modeled as a single layer of Aljg5Gag.1sN with an aver-
age Al composition.
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FIG. 3. (a) Distribution of shear stress o, at the corner of mesa trench for a vertical mesa and a mesa with a 15° slope to the surface. (b) The
maximum shear stress at the mesa edge is plotted as a function of slope (measured in degrees from the surface).

The simulated layer model is based on the structure after
the actual process, wherein the p-contact layer was removed
and the mesa trench depth was over-etched into the n-cladding
layer by 50 nm. The back of the substrate (whose thickness is
set to Sum in the model) is considered to be fixed bound-
ary. Other surfaces of the structure are considered to be free
boundaries. An initial compressive strain of

AA1GaN — dAIN

B == AAIGaN
a

corresponding to pseudomorphic growth on the AIN substrate,
is applied to each layer. The commercial COMSOL multi-
physics FEM solver package was used to obtain numerical
solutions to the cross-sectional strain and stress distributions
at the corner of mesa trench. Figure 3(a) shows the calcu-
lated shear stresses o, for two examples of mesa shapes. The
first simulation is for a vertical mesa structure which is sim-
ilar to the fabrication result described above. A considerable
concentration of shear stress is observed at the corner of mesa
trench with a maximum value of more than 9 GPa. Note that
while a negative range of shear stress distribution exists in the
p-clad layer and interface with the waveguide, this distribution
is not shown here since its magnitude is more than one order
smaller than the positive stresses. For the 15°-sloped mesa
shown in Fig. 3(a), the maximum shear stress was reduced to
less than 1 GPa. Figure 3(b) shows the maximum shear stress
calculated for the corner of mesa trench for various degrees
of the slope. The simulation results show that reducing the
mesa-slope angle to less than 50° is effective in reducing the
shear stress concentration at the corner of mesa trench.

The Vickers hardnesses for single-crystal GaN and AIN
at room temperature are reported to be 10 GPa and 17 GPa,
respectively!®. Although there are no reported hardness at
the AlGaN concentrations used in the current devices, they
are expected to be in this range. As shown in Fig. 3(b), the
maximum shear stress never falls within this range and, there-
fore, plastic deformation is unlikely to occur even for a verti-
cal mesa structure. Indeed, no dark line defects are observed
in the CL image before heat treatment.> However, the Vick-
ers hardness decreases with increasing temperature, reaching
3.5GPaand 6 GPa at 600°C for GaN and AIN, respectively,'”
which is the threshold temperature at which dark line de-
fects appeared at the mesa stripe. The maximum shear stress
associated with a vertical slope likely exceeds this Vickers
hardness range at 600°C. Considering that the Peierls stress,
which describes the minimum shear stress necessary for a dis-
location to glide along the {0001} shuffle slip plane??, is cal-
culated to be 3-4 GPa for both AIN and GaN?'"%* and that
threading dislocations, which can inhibit glide through en-
tanglement, are absent in the current AlIGaN/AIN system, it
is expected that once the criteria for plastic deformation are
reached, the distribution of dislocations toward the inside of
the mesa stripe, as described in the experimental observa-
tions, will easily occur. It also appears that by forming mesa
with a slope less than 20°, plastic deformation during thermal
annealing (which is required for electrode formation) can be
avoided since this small slope would keep the maximum shear
stress less than 3 GPa.

Armed with the insights gained from the FEM simula-
tions, the LD mesa stripe with sloped edges was fabricated.
A cross-sectional BSE image is shown in Fig.4(a). The
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FIG. 4. (a) Cross-sectional BSE image of fabricated sloped mesa structure. (b) Plan-view SEM and CL images. (c) Plan-view TEM image.

sloped mesa was formed by conventional dry etching with
a varied-thickness etching mask by thermal reflow of the
photoresist?*>>. A fabricated slope inclination of 15° to the
surface was obtained with good reproducibility. Plan-view
SEM, CL, and TEM imaging were carried out and results are
shown in Fig.4(b) and (c). Clearly, no dislocation-induced
dark line defects are observed at the mesa stripe using with
slope structure, and uniform CL emission is observed across
the entire mesa stripe.

The present results emphasize the importance of manag-
ing the mesa-shape-induced residual shear stress in highly
strained pseudomorphic nitride structures. Although the use
of pseudomorphic AlGaN is highly successful in reducing the
dislocation density in the device layers by inhibiting the for-
mation of misfit dislocations, it also leaves the device layers
highly strained. As described in the present paper shows,
device processing can then easily result in very high shear
stresses when mesas are etched into the structure. These high
shear stresses can then result in dislocations being pushed into
the active region of the device, causing the degradation of
performance and the likelihood of reduced reliability.?® How-
ever, the present study reveals that the fabrication structures
can be engineered to optimize both performance and reliabil-
ity with respect to dislocation motion, even with these highly
strained structures. For AlGaN based UV-C LDs, this tech-
nique has been used to reduce restrictions on electrode design
to avoid current flow through regions of high dislocation den-
sities near the mesa edges and to reduce the series resistance
of the device, resulting in substantial benefits. The improved
understanding of dislocation formation may eventually enable
further reductions in the series resistance by increasing the
side-wall slope to further reduce the distance electrons need
to travel for current injection.

In this study, a detailed analysis revealed that the dark-line
defects appearing at the edge of the mesa of UV-C LDs may
be attributed to basal plane dislocations which result from the
localization of shear stresses associated with mesa formation
in a highly strained layers. Controlling the local shear stress
by means of a tilted mesa structure was verified by modeling
and experiments have proven it to be a practical method of ef-
fectively suppressing dislocation generation. The considera-
tions and technique proposed here not only provided a critical
breakthrough in reducing the device resistance of UV-C LDs,
but also are expected to improve the performance of optoelec-
trical devices using pseudomorphic AlGaN/AIN systems.
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