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Gallium nitride (GaN) films have been grown on the sapphire substrate with and without carbon-
nanotubes (CNTSs). The stripy defects distribution of the GaN film on the CNTs patterned sapphire
substrate (CPSS) coincides with the morphology of the CNTs bundles. The localized dislocation
density of the GaN layer near the CNTs on the CPSS decreases to 4.72x10" cm™. The confocal
scanning electroluminescence microscopy image of the GaN LED on CPSS reveals stripy
luminescence intensity distribution. The results directly demonstrate that the CNTs can reduce the
dislocation of the GaN film and improve the electrical and optical properties of the GaN LED.
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1. INTRODUCTION

Gallium nitride (GaN) is an ideal semiconductor material in the fields of optoelectronics and
microelectronics because of its excellent physical properties. Foreign substrates such as sapphire[1],
silicon carbide[2] and silicon[3] are often used for GaN epitaxial growth because of the lack of
affordable large area GaN substrates. Due to its low price and high transmittance, sapphire is the most
common substrate used for GaN growth. However, the defects propagate from the interface of
GaN/sapphire into the surface, deteriorating electrical and optical properties of GaN-based devices.
Therefore, the way to reduce the dislocations density needs to be developed to enhance the reliability
of nitride devices.

It has been proved that the density of the dislocations in GaN hetero-epitaxial layers can be
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effectively reduced by various techniques [4-6]. The epitaxial lateral overgrowth (ELOG) technology
developed by Kato et al. is an efficient method to eliminate the density of dislocation with a patterned
dielectric mask [7]. The electrochemical behaviors of carbon nanotubes (CNTs) have been reported by
Yang etc [8]. Recently, CNTs were proposed to improve the GaN quality by ELOG[9]. However, the
mechanisms of dislocation reduction and optical power improvement of GaN LED grown on carbon
nanotube-patterned sapphire substrate (CPSS) still need to be further studied.

Here we have grown GaN films and fabricated InGaN/GaN LEDs by metal-organic chemical
vapor deposition (MOCVD) on CPSS and the conventional sapphire substrate (CSS). The stripy
distribution of the dislocations from the cathode luminescence (CL) image of the GaN film on CPSS
demonstrates that CNTs can improve the crystallization quality of the GaN layer by the epitaxial
lateral overgrowth process. Besides, the strip pattern of the luminous intensity from the confocal
scanning electroluminescence microscopy (CSEM) image of the GaN LED on CPSS coincides with
the stripy distribution of the dislocations. The results directly reveal that the lower dislocation density
can enhance the light intensity of the GaN LED.

2. EXPERIMENTS

Super-aligned multi-walled carbon nanotube (MWCNT) arrays were grown on silicon wafers
by a low-pressure chemical vapor deposition (LPCVD)[10, 11]. The diameter of the CNTs in the
super-aligned arrays is about 15nm. Aligned CNT films were continuously dry spun from the CNT
array and then coated on 2-inch c-plane sapphire wafers with CNT alignment perpendicular to the (11-
20) using a focused laser beam[9].

C-plane CPSS and CSS were used as the substrates for GaN films growth by metal-organic
chemical vapor deposition (MOCVD). The SEM images of the CPSS and CSS are shown in figure 1.
The CNTSs arrays show a stripy pattern on sapphire substrate, as shown in figue 1 (a). Hydrogen and
nitrogen were used as carrier gas while trimethyl gallium (TMG), trimethyl indium (TMI), trimethyl
aluminium (TMAI), and ammonia (NH3) were used as sources of Ga, In, Al,and N, respectively. The
growth of GaN template was performed following the three steps: (1), we deposited about 30 nm
nucleation layer at 530 °C; (2), the temperature was increased to 1050°C while the pressure of the
reactor kept 658 mbar. About 2 um rough GaN layer was grown on the top of the buffer layer; (3), the
temperature and the pressure of the reactor were changed to 1090 °C and 263 mbar, respectively. The
recovery layer with a thickness of 3um was deposited on the rough layer. After that, a 2-um Si-doped
n-type GaN with a doping concentration of 1x10*°cm™ was grown on the GaN template. In addition,
twelve pairs of InGaN/GaN mutil-quantum wells (MQWSs) with 3-nm-thick quantum well and 10-nm-
thick quantum barrier were grown on the top of the n-type GaN layer. The growth temperature of the
wells and barriers were 750 °C and 850 °C, respectively. The epitaxial structures were finally covered
with a 300-nm-thick p-GaN layer. The Mg dopant concentration of the p-GaN is 5x10*°cm™. For
comparison, the GaN films were also grown on the CSS at the same conditions.

After the epitaxial growth, the wafers were defined with mesa size of 200 pm x 500 um by a
standard photolithographic process and partially dry-etched down to the n-type GaN by inductively
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coupled plasma (ICP) technology. A transparent conduction indium-tin-oxide (ITO) thin film and Cr-
Ti-Au metals were deposited as the p-type ohmic contact layer and electrodes with an evaporation
method.

Field emission scanning electron microscopy (FE-SEM) and atomic force microscopy (AFM)
were used to observe the surface morphologies of the GaN films grown on CPSS and CSS at different
growth stages. The CL measurements were used to evaluate the crystal quality of n-type GaN film. A
confocal scanning electroluminescence microscopy (CSEM) was employed to investigate the
microscopic electroluminescence (EL) properties of the GaN LEDs fabricated on CPSS and CSS.

3. RESULTS AND DISCUSSIONS

Figure 1. The surface morphologies of the substrates and the GaN films: (a) and (¢) SEM images of
CPSS and CSS; (b) and (f) SEM images of GaN nucleation layers on CPSS and CSS; (c) and
(g) SEM images of GaN rough layers on CPSS and CSS; (d) and (h) AFM images of the
recovery layers on CPSS and CSS;

Figure 1 (b) and (f) show the morphologies of the GaN nucleation layers on CPSS and CSS.
The nucleation islands distributions of the two samples have much difference. As shown in the figure 1
(F), the GaN islands distribute uniformly on CSS. However, the GaN nucleation islands distribute in a
stripy pattern on CPSS, as shown in the figure 1 (b). The islands crowd together in the area without
CNTs. There are hardly any islands distributed near the CNTs arrays. The nucleation islands
distribution on CPSS coincides with the morphology of CNTs. The results show that the CNTs on
CPSS affect the distribution of the GaN nucleation islands because of the absence of adhesion of
reactant gas [9]. The nucleation islands grow up to big hills in the next epitaxial coalescence process. If
the nucleation islands is enough dense, the hills will connect together and form a flat surface with
small hexagonal pits, as shown in the figure 1 (g). The similar morphology can be seen from the region
without CNTs of the GaN film on CPSS. The islands are too sparse to form a flat surface near the
CNTs during the rough growth process. As a result, the stripy pattern rough GaN layer on CPSS can be
seen from figure 1 (c). The SEM images of the GaN layers on CPSS and CSS demonstrate that the
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CNTs can influence the morphologies of the GaN films. The stripy distribution CNTSs act as a native
mask during the GaN films growth process. After the growth of recovery layer, the GaN layers grown
on CPSS and CSS become smooth surfaces. The surface morphologies of the recovery GaN layers on
CPSS and CSS were characterized by AFM measurements, as shown in figure 1(d) and (h). The root
mean square (RMS) roughness of GaN films grown on CPSS is similar to that grown on CSS, as
shown in the table I. The results demonstrate that the superior flat surface of the GaN films grown on
the CPSS and CSS meet the requirements of MQWSs growth for LED applications.

Figure 2. CL images of GaN recovery layers grown on: (a) CPSS; (b) CSS.

Figure 2 shows the CL images of the recovery GaN layers on CPSS and CSS. The dislocations
of the GaN films are associated with the dark spots in the CL images because of their non-radiative
recombination character [12]. The density of dark spots shown in the CL images is close to the
dislocation density of GaN films. Table | shows the dislocation densities of the two samples calculated
from the number of dark spots of CL images. The average dislocation density of GaN film grown on
CPSS decreases by 63% compared with that of GaN film on CSS. Besides, the homogeneous
distribution of the dark spots can be seen in the CL image of GaN on CSS while stripy distribution can
be seen on CPSS, as shown in figure 2 (b). The stripy pattern of the CL image shown in figure 2 (a) is
consistent with that of SEM image shown in figure 1 (c). The stripy pattern of the dislocations
originates from the CNTs bundles distribution of the CPSS. The CNTs bundles in the figure 1 (a) act
as native mask for the GaN growth. The GaN nucleation islands cannot grow on the CNTs because of
the poor soak property. The big islands away from the CNTs grow up to hills during the rough layer
process. In the next stage, the GaN growth mode changes to two-dimension (2D) from 3D because of
the higher growth temperature and the lower growth pressure. The gaps between the hills shown in
figure 1 (b) are filled by the lateral growth of the GaN layers in the 2D growth mode. The dislocations
can bend in the coalescence process at the spaces between the hills[13]. As a result, the dislocation
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density of the GaN film on the top of the CNTs bundles decreases to about 4.72 x10’cm™. The stripy
distribution of the dislocations in figure 2 (a) coincides with the stripy pattern of the CNTs bundles
shown in figure 1 (a). The results are direct evidence that the CNTs can improve the crystal quality of
the GaN film.

Table I. RMS roughness and dislocation density of GaN layers grown on CPSS and CSS.

CPSS 0.75 1.04x10°
CSS 0.68 2.81x10°
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Figure 3. (a) The forward current and (b) reverse current as functions of the voltage of the GaN LED
on CPSS and CSS;

We fabricated GaN based LED on CPSS and CSS in order to study the influence of the CNTs
bundles on the electrical and optical properties. The current-voltage curves of the GaN LEDs on CPSS
and CSS are shown in figure 3. When the forward voltage is smaller than 2.1V, the leakage current of
GaN LED on CPSS is lower than that of GaN LED on CSS, as shown in figure 3 (a). The similar
phenomenon can be seen in the reverse current-voltage curves of the two samples, as shown in figure
3(b). The reverse leakage current of GaN LED grown on CPSS decreases by 32% at -40 V offset
voltage. The leakage current reduction originates from the the reduction of the dislocation density[14].
Thus, the smaller leakage current of GaN LED on CPSS proves indirectly that the CNTs can
efficiently reduce the dislocation density of the GaN films.

The CSEM measurements were carried out to further determine the light intensity enhancement
of the GaN LED on CPSS. Figure 4 shows the luminescence intensity distributions of the GaN LED on
CPSS and CSS. The darker colour means lower light intensity. Figure 4 (b) shows the CSEM image of
the GaN LED on CSS. The bright spots and dark spots randomly distribute. However, the light
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intensity of the GaN LED on CPSS distributes in bright and dark stripes, as shown in figure 4 (a). The
corresponding CL image is shown in figure 2 (a). It is amazing that the EL intensity distribution of the
GaN LED on CPSS coincide with the dislocations distribution.

Figure 4. CSEM images of GaN LEDs grown on: (a) CPSS; (b) CSS.

The results directly reveal the influence of the dislocation density on the light intensity of GaN
based LED. The experiments demonstrate that the lower dislocation density will lead to the higher
luminescence intensity.

4. CONCLUSIONS

We have grown GaN films on CPSS and CSS by MOCVD and fabricated the LED chips with a
size of 200 pm x 500 pm. Because of the poor soak of the CNTs bundles, the big GaN nucleation
islands distribute in stripy pattern, which leads to a stripy morphology of the rough layer GaN on
CPSS. The smooth GaN film with low dislocation density was obtained on CPSS because the
dislocations bended during the 2D growth process. The stripy distributions of the dislocations from the
CL image directly verify the influence of the CNTs on the crystal quality improvement of the GaN
film. The localized dislocation density of the GaN layer near the CNTs on the CPSS decreases to
4.72x10" cm™. The low leakage current of the GaN LED on CPSS further confirm dislocation density
reduction of the GaN layer. The reverse leakage current decreases by 32% at -40V reverse offset. The
strip pattern from the CSEM image of the LED on CPSS coincide with the stripy dislocation
distribution from the CL image of the GaN film. The experimental data directly reveal that the lower
dislocation density will lead to the higher luminous intensity.
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