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ABSTRACT 

Wide-bandgap gallium nitride (GaN) quantum dot (QD) structure is attractive because it is a zero-dimensional (0-D) 
confinement structure and has many unique physical characteristics. We have successfully grown self-assembled InGaN 
QDs structure by metal organic chemical vapor deposition. A high quality GaN/sapphire template with a flat surface and 
the suitable growth condition including low growth temperature and low V/III ratio were used to grow InGaN QDs 
structure. The density of InGaN QDs is about 4.5 × 1010 cm-2 with an average lateral size of 11.5 nm and an average 
height of 1.6 nm. The effect of the interruption growth for InGaN QDs structure was systematic studied with the growth 
temperature of 660oC. The surface morphology and optical property was measured by atomic forced microscopy and 
various temperature PL, respectively. The results indicated that as increasing interruption time from 30s to 120s, QDs 
area occupied on the surface above the wetting layer increases from 5.2% to 7.2%, and the In composition decreases 
from 25% to 21%. The results were discussed by considering the influences of ad-atom desorption and diffusion effect 
between wetting layer and InGaN QDs structure. Our results suggest that the interruption growth during an optimum 
time can modify the size of InGaN QDs and extend the emission wavelength to short wavelength, and at the same time 
improve the QD optical quality. Using this technique was feasible for formation of multi layer InGaN QDs structures 
and applicable for the fabrication of GaN-based light emitting devices. 
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1. INTRODUCTION 

GaN-based semiconductors have attracted great attentions for applications not only in light sources of short 
wavelength, but also high-speed/high-power electron devices. Short wavelength light emitters are required for full color 
display, laser printers, high density information storage, and under water communication. High temperature and high 
power transistors are needed for automobile engines, future advanced power distribution systems, all electric vehicles, 
and avionics. Actually, III-nitrides are particularly suitable for applications in these areas based on their unique 
properties including wide bandgap (~0.9-6.1eV), high bond energy (~2.3eV), high-saturation velocity (~2.7 x 104 cm/s), 
high-breakdown field (~2 x 106 V/cm), and strong excitonic effects (> 50 meV). Furthermore, Wurtzite III-nitrides 
exhibit large effect of spontaneous and strain induced polarization from the noncentrosymmetric and uniaxial crystals 
and the piezoelectric coefficients are almost an order of magnitude larger than traditional III-V compounds such as 
GaAs. The very strong internal electric field induced by the polarization charge and piezoelectricity is very unique to 
III-nitride heterostructures and has a dramatic effect on the properties of quantum confined structures.[1] 

 
Investigations of semiconductor quantum dots (QDs) have been very extensive, particularly in the last decade. 

These are fuelled by unique physical phenomena and potential device applications. There have been lots of researches 
recently devoted to realizing the predicted potential of 0-D quantum-confined structures. Because of their unique 
electronic states (i.e., atomic-like discrete states with a δ-function density of states), QDs are expected to have many 
interesting and useful properties for optolecetronic device applications. The semiconductor laser with a QD active 
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region promises ultra low and temperature independent threshold current, high-frequency modulation with negligible 
chirping effect, and nonlinear gain effect. For GaN-based light device, the application of QD structure in laser diodes 
(LDs) is expected to have lower threshold currents due to the enhancement of excitonic effects in the quantum dots [2]. 
On the other hand, III-nitride QD structures can reduce the effect of defect density which was generated due to the use 
of foreign substrate with large lattice mismatch [3]. Therefore, QD structure is important to develop low threshold GaN-
based LDs, which are generally known by the difficulties of the reduction of the threshold current density in GaN based 
materials due to the large effective mass in comparison with GaAs or InP based materials. 

 
Recently, researches of InGaN QDs structure grown by metal-organic chemical vapor deposition (MOCVD) have 

been reported. The self-assembled InGaN QDs was first reported by using anti-surfactant to change the surface free 
energy of epi-layers [4]. Si as the anti-surfactant was used to form the InGaN QDs in the InGaN/AlGaN system. The 
self-assembled InGaN QDs without using anti-surfactant were also reported [5]. However, the mechanism of formation 
of these QDs due to the strain-induced mode or phase separation is not fully understood yet. The characteristics of these 
InGaN QDs can be controlled by deposition thickness, and growth temperature. In addition, interruption growth time, 
which is the time of between the end of deposition and the capping of the quantum dot layer with barrier material, is 
another important factor to grow semiconductor QDs. It is believed that the interruption growth facilitates the elastic 
relaxation resulting from the formation of the 3D island formation, and the adatoms can relax to energetically favorable 
position and approach thermodynamic equilibrium [6]. For this reason, a growth interruption during the transition from 
two-dimensional growth can improve the quality of the quantum dot layer considerably [7]. Recently, there have been 
reported to grow III-nitride QD structures with interruption growth step [8, 9]. However, there are few systematic 
studies on the effect of interruption time for InGaN QDs. In this paper, we have successfully grown self-assembled 
InGaN QDs with interruption growth. The effect of interruption time on InGaN QDs has been studied. The influences of 
adatom desorption and diffusion on the morphological and optical properties of the InGaN QDs were investigated.  

 
2. EXPERIMENT 

All samples were grown using a low-pressure vertical-type MOCVD system (EMCORE D75). A 30 nm GaN 
nucleation layer were grown first at 500°C on a (0001)-oriented sapphire substrate followed by a GaN buffer layer 
under H2 ambient gas grown at 1110°C. During the growth of a GaN buffer layer, the flow rate of trimethylgallium 
(TMG) was 68.4 mol/min and NH3 was used as a group V source with a flow rate of 3 l/min, corresponding to a 
V/III ratio of about 2000. After the GaN buffer layer was grown, the growth temperature was reduced to 660°C to grow 
an InGaN layer, and N2 was used as the ambient gas with a flow rate of 5 l/min. Contrarily to the standard InGaN 
quantum well growth, the growth temperature was reduced to facilitate the InGaN quantum dot growth [5]. During the 
growth of InGaN, the flow rates of TMG and trimethylindium were 4.92 and 4.80 mol/min, respectively and the flow 
rate of NH3 was 2 l/min, corresponding to a low V/III ratio of about 8300 in comparisons to the normal V/III ratio of 
30000 in the InGaN quantum well growth. Various growth time of InGaN have been grown, and the optima growth time 
was determined as 30s. After the InGaN growth with growth time of 30s was completed, an interruption growth was 
introduced for annealing InGaN surface and the effect of interruption growth were studied by various interruption time. 
The surface morphologies of these samples were examined by atomic forced microscopy (AFM) and the AFM data 
were analyzed by Scanning Probe Image Processor (SPIP) to gather the geometric statistics of InGaN QDs. The optical 
characteristics of these samples were investigated by photoluminescence (PL) using a commercial microscope system. 

 
 

3. RESULT AND DISCUSSION 

Fig.1 shows the in-situ reflectance traces and AFM image of the GaN/sapphire template. Fig. 1 (a) is the 
reflectance traces measured by a real-time in-situ normal-incidence optical reflectometer (λ = 600 nm). The trace of the 
reflectance intensity proceeded with several stages during GaN growth: (i) the nucleation layer growth, (ii) temperature 
ramping for high temperature undoped GaN growth, (iii) lateral growth and surface roughening, (iv) island coalescence, 
and (v) quasi-two-dimensional (2D) growth of undoped GaN. Fig. 1 (b) shows the AFM image of the surface 
morphology of the GaN/sapphire template. There are some dark spots on the surface with a density of about 3 × 108 cm-

2. These dark spots are due to threading dislocation between the GaN layer and sapphire substrate. The surface of the 
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GaN/sapphire template is very flat with an average deviation Ra = 0.14 nm. Previous report had shown that the flat 
template surface was important to fabricate self-assembled InGaN QDs without using anti-surfactant [5]. 

 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

After the GaN layer was grown, the growth temperature was reduced to 660oC to grow the InGaN thin film. 
Three samples with different growth time of the InGaN have been grown under a low V/III ratio of about 8300 in 
comparisons to the normal V/III ratio of 30000 in the InGaN quantum well growth. Fig. 2 shows AFM images of InGaN 
QDs with different growth time tg : (a) 30 s, (b) 40 s, and (c) 50 s. The topographic images of three InGaN QDs samples 
were showed small islands morphology. However, there is no self-assembled InGaN QDs appeared on the surface if the 
growth time is smaller than 15s (not shown). Fig. 3 is the section analysis of Fig. 2(a). Fig. 3(a) is the section profile 
along the dash line in Fig. 2(a), and the dense QDs distribution can be observed. Fig.3(b) clearly shows the shape profile 
of a single InGaN QD structure with the lateral width and height of about 30 nm and 0.8 nm, respectively.  
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Fig. 1 The in-situ reflectance traces and AFM image of the GaN/sapphire template. (a) In-situ normal reflectance 
measurement for a whole sequence of GaN epitaxial thin film on sapphire substrate. (b) Surface morphology of 
GaN/sapphire template. 

(b)

Fig. 2 The surface morphologies of InGaN QDs with different growth time performed by AFM over areas of 1 µm square: 
(a) tg = 30s, (b) tg = 40s, and (c) tg = 50s.  
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In order to analyze these AFM data and gathered the geometric statistics of InGaN QDs, we used Scanning 
Probe Image Processor (SPIP) to analyze the AFM data of InGaN QDs structures. The results show that the InGaN QDs 
size depends on the growth time of InGaN. When the growth time of InGaN was varied from 30 s to 50 s, the average 
diameter of InGaN QDs was increased from 11.5nm to 16.0nm, and the average height of InGaN QDs was also 
increased from 1.6nm to 2.3nm (Fig. 3 (a)). However, the density of InGaN QDs was decreased from 4.5 x 1010 cm-2 to 
3.0 x 1010 cm-2 (Fig. 3 (b)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using the result of Fig. 2, the effect of interruption growth for self-assembled InGaN QDs was studied. Three 
samples have been grown with a fixed growth time of 30s and an interruption growth was introduced for these samples 
with different interruption time (tint) of 30 s, 60 s, and 120 s for sample A, B and C, respectively. Fig. 5 shows the AFM 
scan results of InGaN QDs samples performed over an area of 1 m square. These AFM images show the sample 
surfaces with a series of variations tint of 30, 60, and 120 s, respectively. The results show that the interruption growth at 
660oC could influence the morphologies of these samples. From the surface roughness analysis of AFM measurement 
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Fig. 3 Section analysis of Fig. 2(a). (a) The section profile along the dash line, and the dense QDs distribution can be 
observed. (b) The section profile of single QD structure. The clear shape profile shows single InGaN QD structure with the 
lateral width and height of about 30 nm and 0.8 nm, respectively.  
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Fig. 4 The geometric statistics of InGaN QDs gathered by SPIP from AFM results. (a) Average diameter and height in 
dependence of the growth time of InGaN, and (b) Dependence of the density on the growth time of InGaN.  
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result, the surface roughness of average deviation decrease from Ra=0.26nm to Ra=0.21nm by increasing tint from 30s to 
120s. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6(a) shows the averaged height and diameter of the samples with various interruption times. The mean size 
(diameter, height) of sample A is (14nm, 2.4nm), and sample B is decreased to (11.5nm, 1.6nm), and then sample C is 
increased to (15nm, 2.5nm). Fig. 6(b) shows the dependence of the coverage, which describes how much QDs areas 
occupied on the surface above the wetting layer, and QDs density on the interruption time. The coverage increases from 
5.2% to 7.2% by increasing tint from 30s to 120s. On the other hand, the QDs densities are 2.88 * 1010 cm-2, 4.5 * 1010 
cm-2, and 3.28 * 1010 cm-2 for sample A, sample B, and sample C, respectively. Sample B has the largest density with 
tint=60s. During the growth interruption 30s<tint<60s, the increase in dot density was cause by ad-atom diffusion from 
wetting layer to generate new dot structures and the decrease in average dot size was due to ad-atom desorption from 
“old” dot structures. The dot density decrease and average size increase during growth interruption 60s<tint<120s can be 
mainly ascribed to the ad-atom surface diffusion [10], which leads to the enlargement of the largest islands at the cost of 
the smallest ones due to Ostwald ripening. The coverage is always increase also implied that sample surface has ad-
atom surface diffusion effect during the process of interruption growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 The surface morphologies of InGaN QDs with different interruption time performed by AFM over areas of 1 µm 
square. The growth time of InGaN for all these samples was fixed as 30s. (a) tini = 30s, (b) tini = 60s, and (c) tini = 120s.  
 

Fig. 6 The geometric statistics of InGaN QDs gathered by SPIP from AFM results. (a) Average diameter and height in 
dependence of the interruption time of InGaN, and (b) Dependence of the density and the coverage on the interruption time of 
InGaN.  
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The PL of these InGaN QDs samples was measured using a He-Cd laser as the excitation source. In order to 
remove the interference effect appeared in the typical PL spectrum as shown in the inset of Fig. 4(a), the fitting room 
temperature PL spectrum shown in Fig. 4(a). The PL emission peak of the InGaN QDs samples is blue-shifted from 
2.497eV to 2.735eV as the interruption time increases. The blue-shift maybe result from reduction of In composition 
[11] or strain relaxed in QDs [12]. Fig. 4(b) shows the Arrhenius plot of the integrated PL intensity for the three 
samples. Using the dependence of I =Cexp(EA/kBT), we extracted the corresponding thermal activation energies from 
the high temperature range of the figure and obtained the activation energy EA for the various sample. For sample A, 
EA=63.1meV; for sample B, EA=89.7meV, and for sample C, EA=35.0meV. It indicated that the best optical quality was 
obtained at tint=60s, and the worsening in QDs optical properties at tint=120s could be attributed to the strain relaxed, 
hence generated defects in the emission layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to determine the In composition in InGaN QDs, we calculated the electron and hole ground state 
energy levels for three InGaN QDs samples. The QD was modeled as an InGaN pyramid standing on a GaN surface. 
For uncapped QDs structure, infinite barriers were used in all direction except for the contact area between InGaN and 
GaN interface where a finite barrier was used. The effective masses and the dielectric constants used in the calculated 
were interpolated between the values of pure GaN and InN by assuming a linear dependence on the In content [13]. The 
band gap versus composition for InGaN alloys is using a bowing parameter of ~1.4 eV [14]. The band offset ratio of 
conduction and valence band was 7:3 [15]. Sample A and B were calculated including piezoelectric field with 0.82 
MV/cm [16], and sample C was calculated without including piezoelectric field for assumption of strain relaxed. The 
result of the calculation is presented in Table I, and the In compositions for sample A, B and C are 0.25, 0.24 and 0.21, 
respectively. It indicated that the In composition of InGaN QD would be decreased as the interruption time increased, 
hence the desorption rate of In atom was larger than Ga atom during interruption growth at 660oC.   

 

From the experimental results, we determined that the interruption growth can modify the size of InGaN QDs 
and extend the emission wavelength to the short wavelength region, and at the same time improving the QD optical 
quality by ad-atom desorption and diffusion effects. The desorption effect can decrease the size and In composition of 
InGaN QDs structure. On the other hand, the surface diffusion effect can increase the QDs areas occupied on the surface 
above the wetting layer and the highest InGaN QD density can be obtained by optima interruption time. 

 

 

Fig. 7 (a) Photoluminescence spectra of these samples at room temperature under the excitation power of 20 mW. (b) Arrhenius 
plots of the temperature dependence of the integrated PL for sample A (circles), B (squares), and sample C (triangles). The solid 
lines are linear regressions at high temperature to extract the values of the activation energies, Ea. 
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4. CONCLUSION 

 
Self-assembled InGaN QDs structures were grown on sapphire substrates by MOCVD with interruption 

growth. The flat GaN layer on the sapphire substrate with an average deviation Ra = 0.14 nm of roughness over an area 

Table I. The PL measurement and simulation results are listed for three samples.  

Experiment Simulation 

Sample tint 
(s) 

PL Peak 
Energy 

(eV) 

FWHM 
(meV) 

Ea 

(meV)

Piezo electric 
field 

(MV/cm) 

In 
composition 

A 30 2.497 172 63.1 0.82 0.25 

B 60 2.590 217 89.7 0.82 0.24 

C 120 2.735 189 35 - 0.21 

Fig. 8 (a) The simulation model of InGaN QD structure with a cylinder coordinate. The uncapped InGaN QD structure 
with a pyramid profile standing on a GaN surface. (b) The simulation result of In composition. The In composition are 
0.25, 0.24 and 0.21 for sample A, B, and C, respectively. 
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of 1 m square was used as the template to grow InGaN QDs under a low V/III ratio (~8300) and the low growth 
temperature (660oC) conditions and various interruption time. InGaN QDs grown with tint = 60 s have a density of about 
4.5 × 1010 cm-2 with an average lateral width of 11.5 nm and an average height of 1.6 nm. The interruption time on the 
morphological and optical properties of the InGaN QDs suggest that the desorption effect during the growth interruption 
could decrease the dimensions of the InGaN QDs structure, the surface diffusion effect during the growth interruption 
could increase the QDs coverage occupied on the surface above the wetting layer, and extend the emission wavelength 
to the short wavelength region as the increase of the interruption growth time. By properly adjusting the interruption 
growth time, the uniformly distributed InGaN QDs with small dimensions can be obtained and should applicable for the 
applications of GaN-based light emitting devices. 
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