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Abstract: The nano-patterned InGaN film was used in green InGaN/GaN multiple quantum wells (MQWs) structure, to relieve
the unpleasantly existing mismatch between high indium content InGaN and GaN, as well as to enhance the light output. The
different self-assembled nano-masks were formed on InGaN by annealing thin Ni layers of different thicknesses. Whereafter,
the InGaN films were etched into nano-patterned films. Compared with the green MQWs structure grown on untreated InGaN
film, which on nano-patterned InGaN had better luminous performance. Among them the MQWs performed best when 3 nm
thick Ni film was used as mask, because that optimally balanced the effects of nano-patterned InGaN on the crystal quality and
the light output.
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1. Introduction

Since the first GaN-based blue light emitting diode (LED)
was made by Shuji Nakamura in 1993[Y, the LEDs based on
Group lll-nitride materials developed rapidly and were widely
used. However, there has been no solution to the “green
gap”, which describes the low efficiency of green LEDs, yet
blue and red LEDs achieve relatively high efficiency lumines-
cencel? 31, One of reasons account for the above problem is
the increase of indium component of In,Ga;_,N/GaN mul-
tiple quantum wells (MQWs), while the increase is necessary
to enable InGaN-based LEDs to be luminous with longer
wavelengths. Green LEDs with high indium content InGaN
QW suffer from deterioration of crystal quality caused by the
lattice constants and thermal expansion coefficient mis-
match between InGaN and GaN* 3! as well as the low miscibil-
ity of InN in GaNI®l. Meanwhile, there generate numerous dislo-
cations which act as nonradiative recombination centersl7],
that is detrimental to luminescence. On the other hand, it is dif-
ficult for the light generated in active region to escape from
high refractive index semiconductor (ng,y = 2.5) into air
(ny; = 1). The critical angle (6, or escape cone for internal
light is only ~ 23.6° [6. = sin~1(n,;/ngan)], photon emitted bey-
ond this angle undergoes total internal reflection thus only a
small fraction of light can escape to the surrounding airfsl,
Green is one of the three primary colors, improving the lumin-
ous efficiency of green LEDs is the key to achieving high effi-
ciency and high brightness RGB (red, green, blue) LEDs.
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Many efforts have been put into the improvement of
green LEDs. To improve the crystal quality of MQWSs, some re-
searchers chose to grow a buffer layer prior to the high indi-
um content MQWs to alleviate the mismatch between InGaN
and GaN. The InGaN layer with low indium component is repor-
ted that it can relieve strain in MQWs structure® 19, decrease
potential fluctuation and nonradiative recombination cen-
ters in InGaN QWs!'], and increase carrier localization degree
in MQWSs'2, In addition, some efforts focus on the enhance-
ment of light output. Useful techniques contain the use of pat-
terned sapphire substrate (PSS)'3], designing chip shapel'4,
introducing air voids!’, and roughening the p-GaN surfa-
cel'6.171, The point is to offer opportunity for the photons gen-
erated within MQWs to find the escape cone by multiple scat-
tering. Therefore, here we introduce a nano-patterned InGaN
film into green MQWs structure to take advantage of allevi-
ation role of the InGaN layer, simultaneously to utilize the
rough nanometer surface to enhance light output.

In this paper, the self-assembled mask process was used,
which utilized the heat shrinkage characteristics of metal to
form a mask by annealing and eliminated the need for photo-
lithography!'8l. Green InGaN/GaN MQWs structures were
grown on different nano-patterned InGaN films etched by
self-assembled Ni nano-masks, as well as on unetched InGaN
film for comparison. The effects of nano-patterned InGaN lay-
er on crystalline quality and luminescence of green MQWs
were investigated.

2. Experimental details

Samples were grown on cone-shaped PSS by metal-organ-
ic chemical vapor deposition (MOCVD). The base diameter, in-
terval spacing, and height of the cones were 2.7, 0.3, and
1.7 um, respectively. Firstly, a 3-um-thick GaN was grown and
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Fig. 1. (Color online) Schematic representation of the process of preparing a nano-patterned InGaN layer by self-assembled Ni nano-masks.

Fig. 2. SEM images of the self-assembled Ni nano-masks using (a) 1 nm, (b) 3 nm, and (c) 5 nm deposited Ni film.

a 100-nm-thick InGaN layer with 10% indium was followed.
Ni thin layers of different thicknesses (1, 3 and 5 nm) were de-
posited on InGaN by E-beam evaporation. Then these Ni films
were annealed through rapid thermal process at 750 °C for
2 min in N, ambient, to form self-assembled metal nano-pel-
lets. Using the formed Ni nano-pellets as the etching mask, In-
GaN layer was etched into nano-patterned film by reactive
ion etching (RIE) with 40 sccm Cl, etchant gas. The etching
rate was about 8 nm per minute and the etching process main-
tained 10 min. After that, Ni nano-mask was removed by dip-
ping the sample into hydrochloric acid. A simple schematic dia-
gram of this whole process is shown in Fig. 1. At that point,
the nano-patterned InGaN films had been prepared. The In-
GaN without Ni deposition is named Template |, and the
nano-patterned InGaN films etched using 1, 3,and 5 nm depos-
ited Ni film are named Template |;, Template |3, and Tem-
plate I, respectively.

The green MQWs structures were subsequently grown
on the nano-patterned InGaN. First, a heating process was per-
formed in an atmosphere of nitrogen, hydrogen and ammo-
nia for 8 min to 800 °C, and then the GaN growth process be-
gun. In the meantime, the temperature continued to in-
crease until it stopped at 1050 °C. The green InGaN/GaN
MQWs structure contained from bottom to top following as:
(1) a 500-nm-thick unintentionally doped u-GaN; (2) a 2-um-
thick Si-doped n-GaN layer; (3) a 300-nm-thick lightly doped
n--GaN; (4) 9 pairs of green InGaN/GaN MQWs in which the
thicknesses of InGaN well and GaN barrier were 2.5 and 14 nm,
respectively; (5) a 35-nm-thick Mg-doped p-GaN grown at
low temperature to protect active layer; (6) a 35-nm-thick p-Al-
GaN electron blocking layer doped with Mg; (7) a 100-nm-
thick Mg-doped p-GaN layer and (8) a 5-nm-thick heavily
doped p*-GaN contact layer. The MQWs structures grown on
Templates |y, |4, I3, and Is were named Sample My, Sample M;,
Sample Ms, and Sample Ms, respectively.

The surfaces of Ni nano-masks and nano-patterned In-
GaN films were displayed by scanning electron microscopy
(SEM) (GeminiSEM 500). The surface morphology and crystal-
line quality of the green InGaN/GaN MQWs structure were

identified using atomic force microscopy (AFM) (Agilent
5500) and high resolution X-ray diffraction (HRXRD) (Bruker
D8), respectively. Photoluminescence (PL) measurement (Lab-
Ram HR800) as well as cathodoluminescence (CL) (Gahan
MonoCL) were used to characteristic the luminescence of
green MQWs structure.

3. Results and discussion

The SEM images of self-assembled Ni nano-masks after an-
nealing process are shown in Fig. 2, and the diagrams from
left to right correspond to samples with deposited Ni thick-
nesses of 1, 3, and 5 nm, respectively. The Ni particles can be
clearly seen on the InGaN surface, and as the initial Ni thick-
ness increases, the larger size Ni particles are formed, which
is consistent with previous reports!'® 201, When the Ni film is
thick, the Ni particles stick to each other and elongated met-
al particles are formed. This phenomenon is particularly evid-
ent when the Ni film thickness is 5 nm. Thus, the different pat-
terned Ni nano-masks are obtained here by annealing thin Ni
films of different thicknesses. Using these different self-as-
sembled Ni nano-masks in the etching process, the fabric-
ated nano-patterned InGaN films after Ni removed are also dif-
ferent, as illustrated in Fig. 3. The InGaN nano-patterns in Tem-
plate |, are relatively dense and uniformly distributed, while
the larger and dispersive InGaN nano-islands are formed in
Templates I3 and Is.

After the growth of green InGaN/GaN MQWs structures
on Templates ly—I5, the surface morphologies are exhibited by
AFM, as shown in Fig. 4. There are some bright bumps
caused by indium precipitation on the surface of all samples.
Apart from that, the atomic step flow morphology can be ob-
served in all figures, indicating that the surfaces of all four
samples are smooth. The root-mean-square roughness of
Sample M, Sample M;, Sample M; and Sample M; is 0.609,
0.636, 0.612, and 0.671 nm, respectively. This result reveals
that the introduction of nano-patterned InGaN films does not
lead to degradation of the surface morphology of green In-
GaN/GaN MQWs structures.

HRXRD is used to identify the crystalline quality. As we
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Fig. 4. (Color online) The 5 x 5 um2 AFM images of green InGaN/GaN MQWs structures of (a) Sample My, (b) Sample M;, (c) Sample M;, and (d)

Sample Ms.

known, the full width at half maximum (FWHM) value of XRD
rocking curve (RC) can characterize the dislocation density of
crystal?’l, The GaN RCs of symmetric (002) and asymmetric
(102) reflection for Samples My—M; are respectively shown in
Figs. 5(a) and 5(b), and the FWHM values extracted from
curves as well as the accordingly calculated dislocation densit-
ies are given in Table 1. It can be seen that the nano-pat-
terned InGaN film improves the crystalline quality of struc-
ture grown on it when the nano-pattern size is small,
however, the opposite result occurs when the size becomes
large. This phenomenon stems from the competition of sever-
al factors. The InGaN nano-pattern acts like the pattern of PSS
during GaN growth, which can induce dislocations to bend to-
wards the side wall, in other words, it introduces the lateral epi-
taxial overgrowth process to reduce dislocations propagated
upward22 231, On the contrary, etching damage is introduced
in the etching process, and dislocations are generated by

GaN meeting happened at the top of the nano-pattern. It
seems that the above disadvantages of nano-patterned In-
GaN film outweigh the advantages once the nano-pattern is
of a certain size. So that the crystal qualities of Samples M;
and M; are poor compare to Sample My. Among them, the ad-
vantages and disadvantages almost cancel each other out in
Sample M;, result in a very little bit larger dislocation density
than Sample M. Fig. 5(c) shows the (002) reflection spectra
of green InGaN/GaN MQWs obtained for w-260 scans. The pro-
file and distribution of the diffraction peaks can give a glance
of the state of MQWs, that the intense and well-defined satel-
lite peaks implying the abrupt and smooth interfaces
between InGaN wells and GaN barriers?4. It can be seen that
Samples My and M, are grown better while Sample M; is relat-
ively poorly. This is consistent with the results of FWHM:s.

The PL spectra of green InGaN/GaN MQWs are revealed
in Fig. 6. Under the same test conditions, all MQWs struc-
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Fig. 5. (Color online) XRD results of Samples My—Ms. (a) GaN (002) reflection RC. (b) GaN (102) reflection RC. (c) Spectra of (002) w-26 scans.

Table 1. The XRD FWHM of GaN at (002) and (102) plane and the dislocation density of samples.

Parameter Sample M, Sample M, Sample M3 Sample M;
FWHM of (002) (arcsec) 191.0 142.3 1315 132.8
FWHM of (102) (arcsec) 261.8 239.8 276.2 326.8
Dislocation density (108 cm—2) 436 345 439 6.01
minescence may be the improvement of crystalline quality.
15000 | = Sample M, However, this is inexplicable for Sample M5 and Sample M; ac-
Sample M, cording to the aforementioned XRD results. The concave-con-
= Sample M, vex InGaN film can increase the light output by introducing
El Sample M, light scattering or refracting effect for the light generated with-
‘E 10000 |- in active region[?3l. And this seems reasonable because of the
'E fact that the crystal quality of Sample Ms has deteriorated
£ but its luminescence is still stronger than that of the MQW:s
z structure grown on flat InGaN layer, that is, Sample M,. Due
5000 |- to the small size and the dense distribution of the nano-pat-
terns of Template |, as shown in Fig. 3(a), it has limited help
to the photons in finding the escape cone. Therefore, al-
though the crystal quality of Sample M; is the best, its PL in-
0 : : L— : tensity is not the strongest. For Sample M;, the crystalline qual-

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 6. (Color online) PL spectra of Samples My-Ms at room temperat-
ure,

tures grown on nano-patterned InGaN films exhibit stronger lu-
minous than which on untreated InGaN film, and the
strongest luminous intensity is about 3 times stronger than
the lowest. For Sample M;, one of reasons for the enhanced lu-

ity has not deteriorated too much, and the used Template I3
is conducive to the emission of photons, so it has the best lu-
minous intensity. In addition, it is concerned that the uneven
InGaN film may affect thermal conductivity during growth.
The wavelength of Sample M; is the shortest, which may be
due to the poor heat transfer of the pattern during the low
temperature growth of the InGaN well layer, resulting in poor
indium incorporation. Fortunately, the nano-patterned In-
GaN layer has little influence on the thermal conductivity

R S Peng et al.: Application of nano-patterned InGaN fabricated by self-assembled Ni ......



PSS

Journal of Semiconductors doi: 10.1088/1674-4926/44/4/042801 5

PSS

Fig. 7. (Color online) Schematic diagram of the light-emission path of the green InGaN/GaN MQWs (a) with untreated InGaN film and (b) with

nano-patterned InGaN film.
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Fig. 8. (Color online) CL images of (a) Sample My, (b) Sample M;, (c) Sample M3, and (d) Sample Ms.

when the pattern is small, as seen in the wavelengths of
Sample M; and Sample M.

To visualize the enhancement of light output by nano-pat-
terned InGaN, a schematic diagram of the light-emission path
of green InGaN/GaN MQWs is shown in Fig. 7. A portion of
the light generated in MQWs cannot be emitted into the air, in-
cluding light propagating downward, or light propagating up-
ward but having an angle of incidence exceeding the critical
angle and being reflected back. For sample with the un-
treated InGaN film, this part of the light is reflected or refrac-
ted at the interface between GaN and sapphire, changing the
original propagation route, and thus has the opportunity to es-
cape. However, there are photons that experience total intern-
al reflection. For sample with the nano-patterned InGaN film,
which acts like a second PSS, giving photons more opportun-
ity to find the escape cone through multiple reflections or re-
fractions. As a result, an improvement in light output can be
achieved.

The CL mapping images of green MQWs are processed in
a unified way of color and intensity range to facilitate compar-
ison. The information of luminous intensity and luminous uni-
formity of samples can be obtained from the color shading
and brightness distribution. From Fig. 8, it is clear at a glance
that Sample M, has the weakest luminescence, and Sample
M; is the second weakest. In addition, the luminescence uni-
formity of Sample Mj; is the best, and the overall brightness is
slightly better than that of Sample M;. The result of CL meas-
urement is in line with that of PL, and this also proves our the-
ory above.

4, Conlusion

In this article, the flat InGaN film and the nano-patterned
InGaN film etched by self-assembled Ni nano-mask were intro-
duced in green InGaN/GaN MQWs. Three different Ni nano-
masks were formed by annealing thin Ni films of different

thickness (1, 3, and 5 nm). Using these self-assembled Ni
nano-masks in the etching process, the different nano-pat-
terned InGaN films were obtained. No degradation of the sur-
face morphology was observed in the samples grown on
nano-patterned InGaN. When the pattern size was small, the
nano-patterned InGaN film improved the crystalline quality of
sample. However, when the nano-pattern reached a certain
size, the crystal quality decreased instead due to serious etch-
ing damage. It was worth mentioning that the nano-pattern
benefited light output by helping photons generated within
the MQWs to find the escape cones. The MQWs structure us-
ing 3 nm thick Ni film as the etching mask was found to have
the best luminescence of all samples, because the fact that it
balanced effects of nano-patterned InGaN film on the crystal
quality and the light output. For this sample the crystal qual-
ity did not deteriorate too much, and its nano-pattern was be-
neficial to the photon emergent.
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