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ABSTRACT

The evolution of the topography of GaN stripes as a function of stripe width (2 — 120
mm), fill factor and substrate smoothness has been explored. The spatially resolved optical
properties of these structures have been characterized by cathodoluminescence imaging and line
scans. Implications from the optical study have been discussed.

INTRODUCTION

Epitaxial latera overgrowth (ELO) of GaN on patterned substrates has been widely
studied since the realization of along lifetime GaN-based laser diode (LD) using this technique.*
It is believed that EL O reduces dislocation density by blocking the dislocation propagation from
the under layer using the oxide mask. Using ELO to reduce dislocation density on mismatched
heteroepitaxial semiconductor layers can be dated back to the extensive study of ELO by liquid
phase epitaxy (LPE) by Nishinaga et al.? It has been demonstrated by many groups that the
application of this technique leads to the growth of extremely low dislocation density materials
including GaAs, InP, GeSi1x on S substrates and InGaAs on a GaAs substrate. In addition, the
EL O technique is useful to relieve stress caused by both the lattice mismatch and the difference
in thermal expansion coefficient.

An ELO process starts from a basic selective area epitaxial (SAE) substrate which is
usually patterned lithographically with adielectric material such SIO, or SiNy as the mask. In the
ideal SAE case, deposition can only take place within the openings but not on the mask.
However, lateral growth on top of the mask beyond the opening is possible. Illustrated in Figure
1 (cross-section view) are three possible types of sidewall growth topographies for stripe
patterns. In the case of Figure 1(a), thereis zero tendency for lateral growth and a rectangular
cross section with the same width as the mask opening is obtained. GaN rectangular shaped
waveguides and GaN hexagonal microprisms with smooth vertical facets have been fabricated.**
In the case of anonzero ratio of lateral-to-vertical growth rate, which depends on the mask
pattern and the growth conditions, growth beyond the opening can be obtained (Figure 1(b)).
Kapolnek et al. have reported anisotropy in GaN epitaxial lateral growth.® Prolonged growth
leads to the coalescence of adjacent selectively grown stripes and aflat surface across the entire
substrate, as demonstrated by Nam et al. for GaN growth using SiC substrates.” Figure 1(c)
shows another type of topography where the vertical growth planes face out as growth proceeds
and atriangular cross section is developed. For GaN selective growth on a 10 pum wide stripe,
Kato et al. identified the side facets of the triangle as (1101). Prolonged growth in this case al'so
leads to the coal escence of the selectively grown stripes by growing on the side facets of the
triangle, and eventually the top surface will level off. Usui et al. have recently demonstrated the
growth of a continuous thick GaN film with low dislocation density by hydride vapor face
epitaxy (HV PE) from the coalescence of (1101) facets on the oxide mask.? We have previously
reported the selective growth of GaN by atmospheric pressure MOCV D, with focus on the
topography and optical properties of the wide stripes (50 - 125 pum).*° Recently, we have also
demonstrated the ELO of GaN from narrow stripes (2 — 6 um) with triangular cross sections and
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explored the spatially resolved optical properties at each ELO stage.™* In this paper, we explore
the evolution of topography of GaN structures grown by SAE and subsequent EL O as a function
of pattern geometry and growth parameters. We also discuss the origin of different emission
bands of GaN through spatially resolved cathodoluminescence study.
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Figure 1 A schematic of three types of growth topography (cross section) for stripe patterns (a)
SAE with vertical sidewalls. (b) ELO with vertical sidewalls (c) SAE with triangular cross section.

EXPERIMENTAL

The GaN growth was carried out in a vertical configuration atmospheric pressure
MOCVD reactor. TMGa and NH3 were used as Ga and N precursors, respectively. H, was used
as a carrier gas. A buffer layer grown at ~ 550°C was deposited on (0001) sapphire substrate
before the growth of GaN epi-layer. Lithographically defined patterns were formed either on a 3
mm thick GaN epilayer or directly on a GaN buffer layer. Patterns studied include stripes (50 —
120 mm) spaced by 350 mm, arrays of narrow stripes (2- 6 nm wide) spaced by 2 — 10 mm
between stripes and by 350 mm between stripe arrays. A cross structure (25 x 80 nm) is aso
studied in this report. The stripes were oriented either perpendicular or parallel to the sapphire
(1120) flat. Under our typical growth condition, the lateral growth rate for these two directions
differ by a factor of 1.5. The patterned samples were then heated under NH3 in the MOCVD
chamber to ~1020°C for the growth of the GaN overlayer. A Zeiss SEM equipped with Oxford
MonoCL setup was used for morphology and optical characterization. All cathodoluminescence
(CL) spectra and images were taken at room temperature. A DI nanoscope |11 AFM was used for
topography measurements. Details of the growth condition and the CL setup have been described
previously.'%*?

RESULTSAND DISCUSSION

1. Topography Evolution

1.1 Topography Evolution with stripe width

We have grown GaN wide stripes (25 — 120 mm) spaced by 350 mm on a3 nm thick GaN
epilayer. Figure 2 shows an AFM image of a 75 nm wide stripe. Growth rate enhancement is a
common phenomenon in selective area epitaxy, dueto the lateral diffusion of source materials
from the masked to the open area. The nominal growth thicknessin thiscaseis 0.2 nm. The
enhancement factor isin the range of 5 — 10 from the stripe center to the edge. Under the
specified experimental condition, 5 nm-wide plateaus are observed at the edges. As previously
reported, the width of the terraces do not appear to change with stripe width and presumably is
limited by the surface diffusion length of the Ga species.’® Note that wide stripes grown directly
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on alow-temperature-grown buffer layer do not form wide plateaus, probably because of the
smaller diffusion length due to rough surface.

3.5 pm

Figure 2 AFM image of a 75 mm GaN stripe
grown on a3 nm GaN epilayer.

Figure 3 shows a SEM image of a cross structure and an AFM image of part of the cross.
Asin the case of stripes, plateaus are observed at the edges of the cross. The plateau shapeis
different because the concentration gradient of the source materials, which drives the lateral
diffusion, depends on the geometry of the pattern. For stripes, diffusion comes from both sides of
the stripe equally. For a cross structure of this width, the lateral diffusion of source materials
between the two arms goes to both arms, while the middle of the convex edge of the cross gets
enhancement similar to the stripe case. In fact, the width of the plateau at the middle point of the
convex edgeis about 5 um, asisthe case for the stripes. Note that the rough morphology of the
edgesin this structure can be improved by increasing the NH3 flow, as described in the previous
paper for the stripes.®®

Figure 3 Right: SEM image of a 25 mm cross structure. Left: AFM image of the same
structure, partial. The arm width of the cross is 25 nm and the length is 80 mm.

Based on the nature of the plateau, one can speculate that as the stripe width decreases,
the stripe should continue having the two plateaus on both sides but the concave profile in the
middle should be reduced with stripe width. Furthermore, for stripes narrower than the plateau
width (5 mm in this case), the top should be leveled. Figure 4 shows an AFM image of an array
of 3.5 mm wide stripes and its cross section. Indeed, these stripes show flat tops and vertical
sidewalls. Thisisthe caseillustrated in Figure 1(a).
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Figure 4 an AFM image of an array of 3.5 mm wide stripes (Ieft) and its cross section (right).
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1.2 Topography evolution with growth condition

However, stripes with triangle cross sections, case () in Figure 1, can be formed easily.
Shown in Figure 5isan array of 5 nm wide stripes with triangular cross sections. It has been
reported that the topography of the stripes depends on pattern orientation and growth parameters
such as growth temperature, flow rates and V/I11 ratios.***® We report here that two other factors
also play arole: fill factor (ratio of open to masked area) and surface roughness. (1) Fill factor
effect: asmall fill factor (e. g. narrow stripes near alarge masked area) favors the formation of
triangular cross sections. Smaller fill factor giverise to larger effective flow rate of Ga species
due to lateral enhancement from the masked region, and thus smaller surface diffusion length on
the (0001) surface. (2) Surface roughness effect: SAE directly on alow-temperature-grown
buffer layer (rough) yields triangular stripes while SAE on a high quality GaN epilayer yields
rectangular stripes. Rough surface also results in smaller surface diffusion length. The above
observation and analysis are consistent with the following picture: the small diffusion length on
the (0001) plane makesit afast and thus invisible growth plane because the adsorbed Ga species
do not diffuse to the side walls. Our hypothesisis consistent with that proposed by Nam et al. in
their study of the effect of Ga flow rate on the stripe morphology.**
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Similar to the rectangular shaped stripes, prolonged growth over these triangular stripes
also lead to lateral overgrowth on the masked area. °**

2. Spatially resolved optical characterization

2.1 Reverse contrast between yellow and band-edge emission

It has been proposed that yellow emission originates from threading dislocations and
threading disl ocations quench band-edge luminescence.®*” Figure 6 and 7 show two cases
where precise reverse contrast between the band-edge and yellow emission has been observed in
CL imaging.

CL image
at 368 nm

CL image
at 560 nm

Figure 6 CL images of the cross taken at 360 nm (left) and Figure 7 CL images of an array of triangular stripes
560 nm (right). See Figure 3 for the corresponding SEM with 3.7 mm opening and 5 nm spacing taken at 368
image. nm (upper) and 560 nm (lower).
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It isimportant to note that precise reverse contrast is not observed in al of our samples.
L ocations with stronger band-edge emission sometimes also show strong yellow band. Figure 4
in reference 11 is an example of the non-reversed contrast between yellow and band-edge
emission. TEM analysis of samples with reverse and identical contrast in CL imaging of band-
edge and yellow emission is underway to investigate whether threading dislocations are the
source of yellow band.

2.2 Donor-acceptor pair (DAP) recombination

Shown in Figure 8 are the CL images taken at 385 nm (DAP recombination)™ for the
cross structure and a 50 nm stripe. For the 50 mm stripe, the first group of bright lines appears at
the boundaries between the plateaus and the concave profiles. They are oriented along the stripe
direction. The second group appears at the boundary between the steep walls of the concave
profile and its largely flat middle part (see Figure 2 for profile). For the cross, strong DAP
emission appears at the boundary between plateaus and the concave profile. Thisimplies that
DAP recombination is associated with stress created by high aspect ratio in topography.

N

Figure 8 CL images taken at 385 nm for the cross structure (l€eft, see Figure 3 for its SEM
image) and a 50 nm stripe (topography is similar to the 75 mm stripe shown in Figure 2).

2.3 ELO of GaN: improvement of optical properties

Shown in Figure 9 are the CL images (top) and line scans (bottom) taken at 368 nm (left)
and 560 nm (right) for an array of stripes with triangular cross sections, at the EL O stage before
coalescence. These stripes were grown on a GaN buffer layer. Topography is similar to the one
shown in Figure 5. The original stripe opening defined by lithography patterning is5 nm and the
spacing is 7 mm. For the CL distribution in the opening region, see Figure 7 and related text for
discussion. It isapparent, especially from the CL line scan, that the EL O part of GaN show
stronger band-edge emission (dip in the line scan is due to the gap between stripes) and weaker
yellow emission than the GaN grown in the stripe opening. Similar optical characterization
showing the improvement of band-edge and yellow emission through the ELO of GaN stripes
with rectagular cross sections has been reported.*®*° In addition, we have observed the
appearance of the free exciton peak in the ELO region.™

Assuming the ELO region has low dislocation density as reported by other groups,’ the
weak yellow band in the EL O region may indicate that yellow band emission is associated with
dislocations. However, it could also be aresult of reduced strain in the ELO material.
Furthermore, point defects and impurity level in the ELO region and the vertical grown region
may also be different, which could contribute to the reduction of the yellow band.
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Figure 9 CL images and line scans taken at 368 nm (left) and 560 nm (right) for an
array of stripes at the EL O stage before coalescence with triangular cross section.

SUMMARY

We have reported the topography evolution of GaN stripes as a function of pattern
geometry, growth parameters and substrate. Wide stripes with the plateaus on both sides evolve
with stripe width into flat top stripes with vertical sidewalls. Small fill factor and rough substrate
favor the formation of triangular stripes. These GaN structures have been characterized by CL
and implications of the spatial correlation of optical properties have been discussed.
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