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We studied the optical properties of site-controlled InGaN quantum disks fabricated by the

top-down approach. Room-temperature quantum-dot-like photoluminescence was observed from a

single InGaN quantum disk. Size-dependent emission wavelength shift was measured and

attributed to the quantum confinement in the disk plane. Theoretical modeling was carried out to

explain the large blue shift due to size quantization. Temperature dependent luminescence was

characterized and showed an abnormally large linewidth at low temperature and a linewidth

saturation above 100 K. A sidewall charge center model was proposed to explain these phenomena.
VC 2011 American Institute of Physics. [doi:10.1063/1.3672441]

Since the conceptualization of semiconductor quantum

dots (QDs) nearly three decades ago,1,2 these man-made

nanostructures have been regarded as one of the most prom-

ising route for solid-state devices to fully exploit quantum

optical effects.3 Indeed, semiconductors based photon-on-

demand sources, one-atom lasers, and single-quantum-dot

polariton lasers have been proposed, demonstrated, and

extensively studied.4–11 In spite of these advances, the road

to practical, large-scale applications of these phenomena and

devices are still impeded by two serious challenges, namely,

the control of QD positions and their emission wavelength,

and the preservation of their unique luminescence properties

at a technologically relevant temperature, often the room

temperature. III-nitride QDs exhibit large exciton binding

energy (�26 meV), large oscillator strength, and their hetero-

structures’ band offsets are among the largest in compound

semiconductors, making them one of the best candidates to

the realize high-temperature quantum optical devices. To

this end, developing III-nitride QDs with precisely controlled

positions and emission wavelengths that can operate at room

temperature is a crucial step toward this goal. In this paper,

we report the observation of room-temperature quantum-dot-

like luminescence from a single site-controlled InGaN/GaN

quantum disk. We demonstrated that the top-down approach

is feasible in the synthesis of high-quality group-III nitride

QD materials. Our fabrication methodology is simple and

scalable, allowing further improvements in the control of op-

tical properties to be possible. The results can provide a new

opportunity for the realization of scalable room-temperature

semiconductor quantum light sources.

Recently, we showed that high-quality site-controlled

InGaN/GaN quantum disk structures can be obtained by

using a top-down approach which involves inductively

coupled plasma reactive-ion etching (ICP-RIE) and atomic-

layer deposition (ALD).12 A single InGaN/GaN quantum

well (QW) sample was patterned into an array of nanoscale

pillars with a height of 120 nm using ICP-RIE, and encapsu-

lated by 40-nm thick Al2O3 using ALD. The InGaN region

forms a nanoscale disk that is surrounded by 10-nm thick

uid-GaN (unintentionally doped GaN) on the top, Al2O3 on

the side, and uid-GaN on the bottom. More details on the

sample preparation can be found in Ref. 12. In this paper, we

focus on the optical properties of the single InGaN/GaN

quantum disk.

Single-disk spectroscopy was carried out using a micro-

photoluminescence (l-PL) setup equipped with a 50� objec-

tive lens, responsible for both excitation and signal col-

lection. The 390-nm wavelength ultrashort-pulsed laser

excitation (from the second-harmonic output of a mode-

locked Ti:sapphire laser with a pulse width of 130 fs) was

focused down to a beam spot of 2 lm diameter, giving an ex-

citation intensity of 5 kW/cm2. PL signal was acquired by a

photomultiplier tube (PMT) and a monochromator with 50-

cm focal length, providing an overall spectral resolution of

1 Å. The excitation was tuned to be below the GaN bandgap

such that no measurable luminescence was from the GaN

background that would interfere with the measurement. Fig-

ure 1(a) shows a single nanopillar consisting of a 17-nm-di-

ameter (measured at the InGaN plane using scanning

electron microscopy (SEM)), 3-nm-height InGaN quantum

disk located at the center of a 100� 100 lm2 area where no

other InGaN structures exist. The measured single-disk PL is

plotted in Fig. 1(c). We compared the measured PL with the

calculated spontaneous emission spectra from both a single

QD and a QW. In the case of QD calculations, we assumed a

Lorentzian line-shape linewidth broadening with the line-

width and peak intensity being the only fitting parameters. In

the case of the QW, an additional fitting parameter, the car-

rier concentration, was used. As a comparison, we also plot-

ted the PL measured from the unetched QW of the same

sample. For convenience of comparison, we have normalized

the spectrum and shifted the peak photon energy to that of

the single-disk emission. All results are shown together with

the single-dot PL in Fig. 1(c). It is evident that the measured

single-disk spectrum agrees well with the calculated QD

emission but not the QW emission, calculated or measured.

The QW PL exhibits a clear high-energy tail which is attrib-

uted to the integration of the QW density-of-state (DOS) anda)Electronic mail: peicheng@umich.edu.
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the Fermi-Dirac distribution of the carriers. To see more con-

trast in this comparison, in the inset of Fig. 1(c), we show the

measured and calculated PL spectra of the same quantum

disk at 75 K, where the PL signal is stronger and more dis-

tinct. All the spectra preserve the same features as described

above, with the spectrum calculated using the QD DOS

agrees better with the experimental data. We, therefore,

conclude that the quantum disk has emission characteristics

closer to a QD than to a QW.

In semiconductor QDs, carriers are locally confined in

all three dimensions. Therefore, the emission wavelength of

a QD can be controlled by changing its dimension in any

direction. A smaller dot size will cause a larger separation of

electron and hole ground state energies and results in a blue-

shift of emission energy. To characterize such an effect in

the single InGaN quantum disk, we measured the emission

wavelength for quantum disks of different diameters: 16 nm,

21 nm, and 25 nm. The results are shown in Fig. 2. As the di-

ameter of the quantum disk becomes smaller, the emission

wavelength is blue-shifted, as a result of the quantum con-

finement in the disk plane. This is further confirmed by the

mono-exponential time-resolved PL trace shown in the inset.

We theoretically calculated the amount of blue shift due

to size quantization. We noted that the simple particle-in-

the-box model, i.e., assuming an infinite square-well poten-

tial profile, cannot fully account for the amount of energy

shift observed in the experiment. Although previous studies

have shown that the formation of InGaN nanopillars by etch-

ing resulted in a blue-shift in the emission wavelength due to

the strain relaxation in the nanopillar which led to the reduc-

tion of the quantum-confined Stark effect (QCSE), the

amount of shift became too small at the small dimension in

the current case and failed to explain our observation.13,14 In

our sample, the emission energy of the unetched QW at the

same temperature is 2.854 eV. The average emission energy

of the disks of 16–25 nm diameter is 2.947 eV. Hence, the

blue shift from the 8-nm range of diameter variation is al-

ready comparable to the total amount of shift that can be

attributed to the strain relaxation. In order to explain the

large blue shift in Fig. 2, we calculated the energy band edge

profile of the nanopillar using Synopsys Sentaurus TCAD.

For simplicity, we neglected the piezoelectric field along the

c-axis as we were mainly concerned with the band edge in

the disk plane. We also assumed the doping concentration in

our uid-GaN was 1017 cm�3 and was n-type.15 The result is

shown in Fig. 3. It can be seen that the entire nanopillar is

FIG. 1. (Color online) (a) The SEM image of a single site-controlled InGaN

quantum disk of a diameter of 17 nm. (b) CCD image of a single quantum

disk emission at room-temperature. (c) Room temperature PL spectrum of a

single quantum disk compared to unetched QW (measured) as well as calcu-

lated QD and QW emission. The inset shows the same comparison at 75 K.

FIG. 3. (Color online) (a) The calculated band diagram of a 16-nm-diame-

ter, fully depleted pillar, and the ground conduction and valence band states.

(b) The calculated space charge density distribution of a 20-nm-diameter

nanopillar with a doping concentration of 1017 cm�3 (n-type) covered by a

40-nm-thick Al2O3 layer.

FIG. 2. (Color online) The relative peak emission wavelength of single

InGaN quantum disks with diameters of 16, 21, and 25 nm as compared to

two different models: the particle-in-the-box model and the model used in

this work (2D Poisson equation). The inset shows the time-resolved photolu-

minescence trace of a 15-nm diameter dot measured at 6 K. The straight line

corresponds to a single exponential lifetime of 3.01 ns.
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depleted as the space-charge density equals the doping den-

sity, and thus, the band bending occurs towards the sidewall

of the nanopillar. As the nanopillar diameter becomes

smaller, the bending permeates throughout the entire disk

plane, significantly changing the eigen-state energies. By

numerically solving the Schrödinger’s equation using the

band edge profile in the InGaN plane while neglecting the

influence of the potential profile in the substrate normal

direction, the emission wavelength versus disk diameter is

plotted in Fig. 2, showing a much better agreement with the

experimental results.

The temperature dependence of the single-disk PL was

also characterized. The results are summarized in Fig. 4 for

emission wavelength (Fig. 4(a)), integrated PL intensity

(Fig. 4(a) inset), and FWHM linewidth (Fig. 4(b)). In con-

trast to the typical s-shaped temperature dependence as

observed in InGaN quantum wells,16 the emission wave-

length fits relatively well with the Varshni’s model

E(T)¼E0(T)� aT2/(bþ T) with a¼ 8.54� 10�4 eV/K and

b¼ 550 K, which is attributed to the reduced piezoelectric

field and localized carrier confinement in the quantum disk.

The Arrhenius plot (Fig. 4(a) inset) shows a 33% radiative

efficiency at room temperature. The high radiative efficiency

is attributed to the carrier confinement in the disk plane and

conformal passivation of the Al2O3 layer by ALD which was

also evidenced by the negligible yellow band luminescence

(YBL).12 The FWHM linewidth shows some interesting

behaviors. First, the low temperature linewidth (24 meV) is

comparable to that of a GaN/AlN quantum dot grown by the

Stranski-Krastanov (SK) mechanism,5 but is much broader

than some reported values of only 100 leV from the InGaN

QDs, also grown by the SK mode.17–20 We attributed the

wide range and sometimes abnormally large linewidth values

in these III-nitride materials to the piezoelectric field and the

associated spectral diffusion.5,21–23 In our quantum disk, an

additional electric field exists in the disk plane as discussed

above due to depletion of the nanopillar. Hence, any random

charge trapping and release from the nearby defect or surface

states can cause a large fluctuation of the emission wave-

length. Below 100 K, the data in Fig. 4(b) can be fitted with

the typical linewidth equation used for the quantum dot as

follows:

CðTÞ ¼ C0 þ cpT þ caexpð�Ea=kBTÞ; (1)

where C0 is the FWHM linewidth at 0 K, cp is the coefficient

for coupling to acoustic phonons, ca is the coefficient for the

exponential term that describes the activation of carriers

over an energy barrier Ea, leaving the localization potential.

The fitting gives cp¼ 87 6 70 leV, ca¼ 211 6 52 meV, and

Ea¼ 17 6 3 meV. The activation energy Ea obtained from

fitting is comparable to previous findings. However, above

100 K, the linewidth seems to be saturated and the data can

no longer be fitted by Eq. (1) regardless of the fitting parame-

ters. To explain the discrepancy to Eq. (1), we propose a

sidewall charge center (SCC) model. Surface and defects

states such as gallium vacancies are inevitable on the nano-

pillar sidewalls. These SCC states can act as charge trapping

centers which may randomly and repeatedly capture and

release carriers generated in the nanopillars. Due to the band

bending of the valence band edge towards the sidewall

(Fig. 3), trapping of the carrier by the SCC states can com-

pete effectively with the radiative process near the center of

the quantum disk. As the temperature increases, the non-

radiative recombination rate in these SCC states increases,

making more SCC states available to compete for the carriers

in the quantum disk and, therefore, reducing the exciton life-

time and resulting in the broadening of the emission line-

width. Since the surface area around the InGaN quantum

disk and, therefore, the total number of the SCC states avail-

able are finite, when the number of the available SCC states

no longer increases with the temperature, the emission line-

width of the quantum disk saturates. The random capture and

release of the carriers from these SCC states can also attrib-

ute to the abnormally large emission linewidth at low tem-

perature via spectral diffusion which agrees with previously

reported data.

In summary, room-temperature quantum-dot-like lumi-

nescence was observed from a site-controlled InGaN quan-

tum disk. The quantum disk is embedded in a nanopillar and

FIG. 4. (Color online) (a) The measured peak emission energy versus tem-

perature (squares) and the fitting by Varshni’s model (solid line). Inset

shows the Arrhenius plot of the integrated PL intensity. (b) FWHM line-

width versus temperature (squares) and the fitting based on Eq. (1) (red

line).
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is passivated by an Al2O3 layer. The fabrication procedure is

simple and scalable, involving only ICP-RIE and ALD.

Using l-PL, we studied the optical properties of the single

InGaN quantum disk and compared the results with theoreti-

cal modeling. The single-disk PL fitted well with the calcu-

lated emission from a single QD. The wavelength tuning due

to quantum confinement was also observed and modeled.

The results showed the importance of the band edge shape

on the emission wavelength. The temperature-dependent PL

measurement showed a lessened effect from the piezoelectric

effect as well as a high radiative efficiency at room tempera-

ture, both being attributed to carrier confinement and

reduced piezoelectric field in the InGaN layer. The emission

linewidth of the single disk was found to be profoundly influ-

enced by the internal electric field present in all directions of

the quantum disk, resulting in abnormally large linewidth at

low temperature and a saturated linewidth above 100 K.
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