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The epitaxial growth of GaN on patterned c-plane sapphire substrates having microlenses with a flat top, a dull tip, or a sharp tip
is carried out. The growth mode, dislocation density, residual strain, and optical properties of GaN are investigated and correlated
with the shape of the microlens. Because the growth of GaN does not take place on top of the microlens with a sharp tip, this type
of patterned substrate leads to a wider low dislocation density lateral growth region, while it also gives rise to a higher compres-
sive residual strain in GaN. For GaN grown on the microlens with a dull tip, many dislocations appear, resulting from the extra
facets on the lens. It, however, has the lowest compressive strain among the samples studied. This work provides a guideline for
preparing microlens patterned sapphire substrates for potential applications in high brightness InGaN light emitting diodes as both
dislocation density and strain influence their internal quantum efficiency.
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High power and high efficiency InGaN light emitting diodes
(LEDs) have been intensively pursued recently for energy saving
lighting as well as for other versatile applications. However, the
external quantum efficiency of InGaN LEDs still falls short of what
is expected. Improving both internal quantum efficiency and light
extraction efficiency has thus become the focus of research. The
former involves material quality improvement and epilayer structure
design, while the latter concerns the escape of photons out of the
semiconductor chip and packaging materials. Due to the large lattice
mismatch (~16%) between GaN and sapphire, the resultant high
threading dislocation density (typically in the range of
10°-10'° ecm™2) of nitride LEDs grown on sapphire substrates se-
verely limits their internal quantum efficiency. There have been sev-
eral techniques, such as epitaxial lateral overgrowth,l’3 SiN
nanonetwork,* and porous TiN,? proposed to reduce the dislocations.
Although these techniques can effectively improve crystalline qual-
ity, the two-step regrowth procedures involved make these ap-
proaches rather time-consuming and tend to introduce contamina-
tion in the epilayers. However, patterned sapphire substrates (PSSs)
fabricated by dry or wet etching have attracted much attention for a
high production yield because the growth on these substrates pro-
ceeds in a single growth process without any dielectric mask layer
or interruption. The use of PSSs reduces the threading dislocation
density in GaN epilayers as well as enhances the light extraction
efficiency of LEDs. To date, several types of PSSs with one-
dimensional stripe,6 two-dimensional bump,7 hole,® pyramid,9 and
lens'%"2 patterns have been developed. The pattern depth and shape
also affect the epitaxial growth mode, which determines the struc-
tural and optical properties of the LEDs grown on stripe PSSs. 1314
However, the growth mechanism and property of GaN on microlens
PSSs are not well understood as previous studies primaril¥ focused
on the comparison of LEDs grown on flat and PSSs.'%!2 In this
work, we prepare PSSs with microlenses of different shapes. The
effects of the lens shape on the growth mode and dislocation density
of the overgrown GaN are systematically investigated. Because
strain engineering is a key process in fabricating InGaN quantum
well LEDs, particularly green LEDs, which have a high indium
content and thus a high piezoelectric field in the well, we have also
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looked into the residual strain in GaN grown on these PPSs and
correlated it with its growth mode and dislocation density.

Experimental

The PSSs were prepared by inductively coupled plasma etching.
The surface morphology of the PSS surface was characterized by
atomic force microscopy, as shown in Fig. 1. Three types of micro-
lenses were prepared with their diameter/spacing/depth being 3/1.5/
1.5, 3/1.5/1.6, and 3/2/1.7 pwm and were designated to be types I, II,
and III, respectively. On the type-1 PSS, the microlens had a small
flat (0001) c-plane surface on the top, and its sidewall had a slanted
angle of 65° with respect to the (0001) c-plane. On the type-II PSS,
the microlens had a dull tip, and its sidewalls had slanted angles of
23 and 65° with respect to the (0001) c-plane. On the type-III PSS,
the microlens was like a pyramid with a sharp tip. Its sidewalls had
a slanted angle of 57° with respect to the (0001) c-plane.

The epitaxial growth was carried out in a low pressure metallor-
ganic chemical vapor deposition horizontal reactor. The growth was
performed using a two-step process, which started with a relatively
high V/III ratio (2500) and a high pressure (250 mbar) to promote
the vertical growth in the first hour, and then proceeded to a higher
substrate temperature (from 1100 to 1140°C) and to a lower pres-
sure (200 mbar) to enhance the lateral growth. The optical and struc-
tural properties of the GaN films were assessed by cathodolumines-
cence (CL), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), photolumi-
nescence (PL) measurement, and micro-Raman (p-Raman) scatter-
ing.

Results and Discussion

Growth mode analysis.— Shown in Fig. 2a-c is the growth evo-
lution of GaN on the microlens PSSs revealed by SEM images for
growth times of 20, 60, and 180 min, respectively. The growth se-
lectively proceeds with GaN islands nucleating at specific locations
rendered by the pattern. In the initial growth stage of the GaN on
type-I microlens PSS, i.e., the vertical growth enhanced stage, GaN
grows on both the top of the microlens and the floor area, as shown
in Fig. 2 (1a). The angle of the side facets for GaN on the microlens
and floor area is about 62 and 58°, indicating that they are the

{1101} and {1122} facets, respectively. Because the lateral growth
rate of the {1101} facet of GaN is not sensitive to the reactor pres-

sure and the growth temperature as that of the {1122} facet,' the
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Figure 1. (Color online) Atomic force microscopic images (10 X 10 wm)
of the surface morphology of (a) type-I, (b) type-II, and (c) type-III micro-
lens. Their diameter/spacing/depth are about 3/1.5/1.5, 3/1.5/1.6, and
3/2/1.7 pm.

{1122} facets move faster laterally than the {1101} facets of the
hexagonal GaN pyramid on the microlens as growth proceeds in the
lateral growth enhanced stage. Six v-shaped defectlike trenches
around the hexagonal pyramid are thus formed, as shown in Fig. 2
(Ib). A GaN epilayer with a smooth surface is eventually achieved
with time, as shown in Fig. 2 (1¢). As for the type-II microlens PSS,
GaN grows in the same mode as in type-I PSS, as revealed by Fig.
2 [(2a)-(2¢)]. Due to the lack of a large c-plane area on top of the
microlens and different growth modes for various facets, less sym-
metric GaN pyramids are formed and lead to nonuniform trenches
around the sidewall of the pyramids. In spite of this imperfection,
GaN with a smooth surface can still be obtained on the type-II PSS.
For the type-III PSS, GaN does not grow on top of the microlens at
all, as depicted in Fig. 2 [(3a)-(3b)]. This is attributed to the lack of
c-plane facets for GaN to nucleate and grow. A flat featureless GaN
film is achieved after the coalescence of the lateral growth region
over the microlens, as shown in Fig. 2 (3¢).

Shown in Fig. 3a-c are the cross-sectional SEM images of GaN
grown on the three PSSs before coalescence. Based on the observa-
tions above, the growth mode and the evolution of GaN on type-I,
-I1, and -III PSSs are plotted in Fig. 3d-f, respectively. These results
confirm our postulation that the microlens with a sharp tip prohibits
the nucleation and growth of GaN on its top and leads to a wider

(

\

Figure 2. SEM images of GaN epilayers grown on type [(1a)-(1¢)] I, [(2a)-
(2¢)] 11, and [(3a)-(3¢)] III microlens PSSs for growth times of 20, 60, and
180 min.

lateral growth region. It is also expected to result in a lower overall
threading dislocation density in GaN as the lateral growth region is
often of low dislocation density.16

Material characterization of GaN grown on microlens
PSS.— The improvement on crystalline quality by using the micro-
lens PSSs is verified by XRD, PL, etch pit density (EPD), and CL
measurements on 5 pm thick GaN samples. The results of these
measurements are summarized in Table I. As expected, XRD shows
that the full width at half-maximum (fwhm) of the rocking curve for
GaN grown on type-IIT PSS decreases in both the symmetric (002)
and asymmetric (102) reflections compared to those grown on the
type-I and -IT ones. The fwhm’s of the symmetric (002) reflections
of the type-I and -II samples are comparable, but the fwhm of the
asymmetric (102) reflection of the type-II sample is larger than that
of the type-I sample. It has been reported that for GaN films on
(0001) c-plane sapphire, the fwhm of the symmetric rocking curve is
broadened by screw and mixed dislocations, while the asymmetric
one is broadened by the edge component of threading dislocations.'”
The measured X-ray rocking curves indicate that a relatively higher
edge dislocation density is expected for GaN on type-1I PSS. The
lower dislocation density for the GaN layer grown on type-I1I PSS
is also confirmed by other means. Its EPD is reduced from 1.7
X 108 t0 0.9 X 108 ¢cm™ compared to GaN grown on type-I PSS.

For more insight into the structural properties of GaN, CL and
TEM are employed to observe the dislocation distribution in these
samples. Figure 4 shows the plan-view CL intensity spatial mapping
and the cross-sectional TEM images of GaN grown on type-I, -II,
and -III microlens PSSs. The dashed circles in Fig. 4a-c mark the
location of the microlenses underneath. The CL mapping shows the
integrated intensity of the 366 nm GaN band-edge emission. Many

Sapphire

Sapphire

Figure 3. [(a)-(c)] Cross-sectional SEM images and [(d)-(f)] schematic
growth modes of GaN grown on type-I, -II, and -IIT microlens PSSs.
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Table 1. Results of XRD, PL, EPD, and CL measurements on 5 pm thick GaN epilayers grown on type-I, -II, and -III microlens PSSs.

XRD fwhm
(arcsec)
PL fwhm EPD CL pattern density
Sample (002) (102) (meV) (em™) (em™)
Type 1 241 209 63 1.7 X 108 1 X 108
Type 11 243 223 67 2.3 X 108 2 X 108
Type III 220 183 61 9.0 X 107 8 X 107

dark areas mainly appear at the center and the surroundings of the
microlenses due to nonradiative recombination at the dislocation-
rich regions.18 The bright regions, which represent the areas of low
dislocation density, appear at the places corresponding to the side-
walls of the microlenses. This is consistent with the cross-sectional
TEM images shown in Fig. 4d-f. In these images, three regions
denoted as A, B, and C are highlighted. In region A, one can observe
that many dislocations are present at the GaN/sapphire interface,
where the GaN growth starts. In region B, the density of dislocation
is low because threading dislocations bend during the vertical

growth stage as they meet the inclined {1122} facets. In region C,
some new threading dislocations are generated due to the coales-
cence of two growth fronts. In all, a wider bright region in the CL
mapping as well as a lower dislocation density in the TEM micro-
graph are observed on the GaN grown on type-III microlens PSS,
which agrees with the results shown in Table I. The dislocation
distribution around the type-II microlens is rather different from that
of the other two samples when comparing Fig. 4d-f. There are many
dislocations generated perpendicular to the slanted facets on the dull
tip. This phenomenon is similar to what is observed on the growth of
GaN on misoriented c-plane sapphire by metallorganic chemical va-
por deposition and hydride vapor phase epitaxy.] 20

As strain is critical to the internal quantum efficiency of InGaN-
based LEDs, the residual strain in GaN on these PSSs is also evalu-
ated by room-temperature p-Raman measurement. For this mea-

Figure 4. (Color online) [(a)-(c)] Plan view CL mapping and [(d)-(f)] cross-
sectional TEM images of 5 pm thick GaN layer grown on type-I, -II, and
-III microlens PSSs.

surement, the 514.5 nm line of an Ar" laser is used as the excitation
source. Figure 5 shows the E, high mode of a freestanding GaN
substrate and the GaN grown on type-I, -II, and -III PSSs, which are
located at 566.8, 568.6, 568.2, and 569.0 cm™, respectively. As-
suming that the freestanding GaN is strain free, the compressive
stress in the GaN films can be estimated by the linear expression
Ao = Koy, cm™' GPa™!, where Aw is the wavenumber shift of the
E, phonon peak with respect to that of the GaN substrate, and the K
value of 2.56 is adopted in our calculation.”! Accordingly, the com-
pressive stress in GaN on type I, II, and III microlens PSSs is de-
termined to be —0.73, —0.56, —0.89 GPa, respectively. The residual
strain in the GaN films can be obtained using the expression oy
= M;e,,, where M; is the biaxial modulus of the substrate (M;
=449.6 GPa).”” The values are —1.623 X 107, —1.246 X 1073,
and —1.980 X 1073 for the type-1, -II, and -IIT GaN samples, respec-
tively. The data are also verified by XRD, which gives the lattice
constant ¢ of the three samples to be 5.1902, 5.1887, and 5.1906 A,
respectively. The strain component in the growth direction can be
determined through the expression &,, = (¢ — ¢,)/c,, Where ¢, is
5.185 A. The strain in the basal plane can then be obtained by &,,
= —D(x)g,y, with D(x) = 2[C;5(x)/C33(x)], where the elastic con-
stants of GaN Cj3(x) is 103 GPa and Cs;(x) is 405 GPa.”® The
strains of the three samples are calculated to be —1.968 X 1073,
—1.414 X 1073, and —2.134 X 1073, respectively. Although there
are discrepancies in the absolute value of the strain estimated by
w-Raman and XRD, the trend is consistent with the strain in GaN
grown on type-II PSS being 51-59% lower than that in the GaN on
type-III PSS. The lower residual compressive strain in the GaN
grown on type-II microlens PSS is attributed to its higher dislocation
density, which induces higher tensile growth stress due to island
coalescence at growth temperature.””" As the sample is cooled to
room temperature, the mismatch of the thermal expansion coeffi-

L —I—IGaN sut')strate ' p
—e—GaN on Type | PSS
—A—GaN on Type I PSS}
—*—GaN on Type Ill PSS

560 562 564 566 568 570 572 574 576

Normalized Raman intensity (a.u.)

Raman shift (cm™)

Figure 5. (Color online) E, high phonon peak of 250 wm thick GaN sub-
strate and 5 pm thick GaN grown on type-I, -II, and -III microlens PSSs.
Higher wavenumber means higher compressive strain.
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cient between GaN and sapphire makes the GaN less compressively
strained. However, the GaN grown on the type-III substrate has the
lowest dislocation density; it should have the lowest tensile strain
and thus exhibit the largest compressive strain at room temperature
as observed.

Conclusions

In summary, we have carried out GaN growth on PSSs with three
different shapes of microlenses by metallorganic vapor phase depo-
sition. The shape of the microlens affects the growth mode and the
structural and optical properties of GaN. As GaN preferentially
grows on c-plane sapphire, no growth takes place on the microlens
with a sharp tip (type-III PSSs). This leads to a wider lateral growth
region of low dislocation density than the other two cases. However,
GaN grown on microlens with a dull tip (type-II PSSs) has high
dislocation density, especially at the slanted sidewalls on the tip,
resembling the growth on misoriented sapphire. This work also re-
veals that GaN grown on microlens with a sharp tip exhibits the
highest residual compressive strain among the three samples. It is
attributed to its low tensile strain at growth temperature. Compres-
sive strain then develops when the sample is cooled to room tem-
perature due to the mismatch of the thermal expansion coefficient
between GaN and sapphire. While for GaN grown on the microlens
with a dull tip, high density of dislocations induces large tensile
growth stress at a growth temperature and results in a smaller com-
pressive residual strain after cooling to room temperature. This work
provides a guideline for preparing microlens PSSs for high bright-
ness InGaN LEDs as both dislocation density and strain influence
their internal quantum efficiency.
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