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Room temperature luminescence of epitaxial InGaN quantum dots (QDs) formed by quantum sized-

controlled photoelectrochemical (QSC-PEC) etching and passivation layer regrowth is demonstrated.

QSC-PEC etching is performed on a 7.5 nm thick In0.20Ga0.80N layer emitting at �514–521 nm and

with a laser diode emitting at 445 nm. Parameters such as etch bias (0.9 V and 1.5 V), laser average

power (20 mW/cm2 and 100 mW/cm2), and laser operating conditions (pulsed and continuous wave)

are explored. QSC-PEC etching of In0.20Ga0.80N requires a minimum bias (>0.9 V) and pulsed laser

conditions in order to form QDs. After etching, the QDs do not exhibit photoluminescence due to

defect recombination. Regrowth of passivation layers consisting of a 2 nm thick Al0.45Ga0.55N layer

and a 11 nm thick GaN layer reduce the defect recombination, and room temperature photolumines-

cence is observed at room temperature at �435–445 nm with narrow full-width at half-maximum of

�35 nm. Published by AIP Publishing. https://doi.org/10.1063/1.5046857

III-nitride emitters can be very efficient and InGaN-based

light-emitting diodes (LEDs) for solid-state lighting (SSL) are

notable because they are the most efficient sources of light

ever created.1,2 However, high-efficiency InGaN-based

LEDs can only be achieved at low current densities (>80%,

�5 A/cm2)2 and thresholds of InGaN-based laser diodes

(LDs) also limit peak efficiency.3,4 Both emitters use quantum

wells (QWs) as the active light-emitting material that are lim-

ited in radiative efficiency because parasitic indirect Auger

recombination. Auger recombination is a fundamental prob-

lem in III-nitrides as demonstrated experimentally5–7 and

causes the decrease in efficiency at high current densities

(“efficiency droop”) in LEDs.

The use of epitaxial InGaN quantum dot (QD) as the

light-emitting active layers may be a method to suppress

Auger recombination8 and solve the “efficiency droop” in

III-nitride LEDs.3 Indeed, lower Auger recombination rates

have been observed in colloidal QDs as the size is reduced.9

InGaN-based QD emitters can have higher differential gain

and higher spontaneous emission rates compared to conven-

tional InGaN QWs, and this can translate to lower threshold

currents for LDs and higher efficiencies at higher current

densities for LEDs. These benefits are well-known from pre-

vious work10 and can only be realized if the inhomogeneous

broadening can be controlled. This requires a synthesis

method that can control the size or quantum states of the QD

ensembles. If this can be achieved, then InGaN-based QD

emitters have a great opportunity to produce higher effi-

ciency light emitters for application such as SSL or displays.

Much effort has been put into research of QD active

layers in various semiconductor material systems.11–14 For

epitaxial QDs, the most common and successful method is

Stranski-Krastanov (SK) growth.15 In this method, strain

between the QD layer and the underlying layers leads to 3-

dimensional growth and the formation of QDs. QDs formed

in this method have resulted in extremely low threshold

currents in InAs QD LDs.16 SK growth can also be used to

synthesize InGaN QDs, but there is a lack of dimensional

control, and also low dot densities (<100/lm2),17–22 that

limits their efficiency performance below that of QWs. An

alternative approach is to use diblock copolymer lithography

and selective-area epitaxy to form InGaN QDs at achieve

higher dimensional control,23 but this approach is still lim-

ited to larger size dots.

Recently, a new method called quantum-sized-controlled

photoelectrochemical (QSC-PEC) etching24 has been devel-

oped to overcome the size and density limitations of Stranski-

Krastanov growth. The critical difference from traditional

GaN-based photoelectrochemical etching25 is the use of a

coherent laser source. QSC-PEC etching proceeds by absorp-

tion of the laser light only in the InGaN layer, and the addi-

tional electrolyte and bias causes etching via oxidation of

InGaN and dissolution of this oxide layer.26 Eventually the

etch self-terminates because the InGaN forms into QDs that

are small enough that they can no longer absorb the laser

light. Theoretically by changing the exciting wavelength and

indium composition in the InGaN layers, one can control the

quantum size of the QDs very precisely and with relatively

high QD densities (up to 1100/lm2).24 Violet-emitting QDs

have been synthesized using the QSC-PEC process beginning

with blue-emitting InGaN thin films.24 However, the photolu-

minescence (PL) of QSC-PEC etched QDs has only been

demonstrated at cryogenic temperatures (5 K)24 most likely

due to the high defect and surface recombination present on

the exposed QD surfaces.

In this letter, room temperature photoluminescence (PL)

from InGaN QDs emitting in the blue and formed by QSC-

PEC is demonstrated. The QDs are formed from In0.20Ga0.80N
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thin films that emit at �514–521 nm across the wafer, and the

QSC-PEC process uses a blue (445 nm) LD as the coherent

light source. Different etching strategies are presented includ-

ing varying the etch bias and peak power of the laser. As-

etched (exposed) QDs do not exhibit PL, so passivation layers

consisting of Al0.45Ga0.55N/GaN are grown on the QD sam-

ples to recover the PL. These passivated QDs exhibit room

temperature PL whose peak wavelength varies from 435 to

445 nm depending on temperature or size of the QDs.

The QDs are formed using the QSC-PEC etch process

using the apparatus shown in Fig. 1(a). The conditions are sim-

ilar to previous reports24,26 using a 0.2 M H2SO4 electrolyte, a

Ag/AgCl reference electrode, a Pt counter electrode, a poten-

tiostat to bias and measure the current, and a 445 nm laser

diode with a linewidth of �4 nm. The laser source is directed

through a diffractive element to expose a large portion of the

InGaN sample. The samples are grown in a vertical-type met-

alorganic chemical vapor deposition (MOCVD) reactor by

depositing 7.5 nm (65%) thick In0.20Ga0.80N layers [Fig. 1(b)]

on 2-inch diameter, n-type GaN templates at a temperature of

730 �C and a growth pressure of 200 torr. PL is measured using

an argon ion laser with powers of �55 mW (diameter

�500 lm) at 351 nm, and the emitted light is collected into

a fiber that is directed to a spectrometer to measure the

spectra. The In0.20Ga0.80N layer has a peak in emission at

�514–521 nm, with an indium variation <1%, and PL inten-

sity variation of �10% across the wafer at the low power den-

sities used in this study. The wafers are cut into smaller

rectangular pieces (0.5 cm � 1.5 cm) to test the etch parame-

ters, and “1/6” pie-shaped pieces for QD etching and passiv-

ation layer growth via MOCVD. The etch bias is either 0.9 V

or 1.5 V and the average power density is 20 mW/cm2 or 100

mW/cm2 in both continuous wave or pulsed mode (5% duty

cycle, at 20 kHz). Etch times are between 20 and 30 min result-

ing in QDs as shown schematically in Fig. 1(c). The pie-shaped

samples are cleaned by sonicating in isopropyl alcohol for

15 min, dried with ionized nitrogen, and then subject to passiv-

ation layer growth consisting of a 2 nm thick Al0.45Ga0.55N

layer followed by a 11 nm thick undoped GaN layer as shown

in Fig. 1(d). An atomic force microscope (AFM) is used to

image the QDs after etching and passivation layer growth.

To illustrate how the etch conditions can affect the forma-

tion of the InGaN QDs, Fig. 2 shows AFM images of an

unetched InGaN layer and QD layers after PEC etching under

various conditions. The unetched sample [Fig. 2(a)] shows a

“brain-like” morphology of the 7.5 nm thick In0.2Ga0.8N films

with flat areas separated by deeper trenches that bend through-

out the structure. These films are then QSC-PEC etched with

three different etch conditions and at the same etch time of

20 min. Figure 2(b) shows the InGaN sample etched with a

continuous wave laser power of 20 mW/cm2 at a bias of

0.9 V. Here, the light intensity and bias conditions are not

high enough to create a positive InGaN/electrolyte interface

and promote oxidation and etching. There is only a slight

change in the sample compared to the unetched sample and it

is consistent with a low etch current. Some slight etching is

observed with a rougher surface and slightly wider trenches.

In order to promote etching and QD formation, higher

light intensities and bias conditions are necessary. Figure

2(c) shows the sample etched under similar condition as Fig.

2(b) except the bias is increased to 1.5 V. The sample shows

nanostructure formation, but it cannot be classified as QDs

because the islands are too large and are not separated in

some cases. Under this higher bias, the InGaN energy band

at the InGaN/electrolyte interface are bent further up due to

the larger bias, and this creates a hole concentration at the

interface that promotes oxidation and etching of the InGaN

surface. Calculations of the Fermi-level (EF) position for an

unbiased InGaN layer, assuming and electron concentration

of 1017/cm3, show that EF is �1 V above the intrinsic energy

level, and therefore the bias conditions in Fig. 2(b) are too

low to produce and contain the holes created by light

FIG. 1. Schematic of (a) the quantum-size-controlled photoelectrochemical

etch apparatus using a 445 nm laser diode, a AgjAlCl reference electrode

(RE), a Pt counter electrode (CE), and 0.2 M H2SO4 electrolyte. Cross-

sectional schematic of the (b) as-grown, 7.5 nm thick In0.2Ga0.8N layer on an

n-type GaN/sapphire template, (c) In0.2Ga0.8N quantum dots (QDs) formed

after etching, and (d) In0.2Ga0.8N QDs after growth of a passivation layer

consisting of 2 nm thick Al0.4Ga0.6N and 2 nm thick GaN layer.

FIG. 2. Atomic force microscope (AFM) images of (a) an unetched InGaN

sample, (b) an InGaN sample etched a with continuous wave power of 20

mW/cm2 and a bias of 0.9 V, (c) an InGaN sample etched a with continuous

wave power of 20 mW cm2 and a bias of 1.5 V, and (d) an InGaN sample

etched a with an average pulsed power of 20 mW/cm2 (5% duty cycle,

20 kHz) and a bias of 1.5 V. All samples are etched for 20 min. The higher

bias and laser peak power leads to QD formation. The dotted lines highlight

QDs aligned to atomic steps.

121106-2 Wei et al. Appl. Phys. Lett. 113, 121106 (2018)



absorption at the surface. It is interesting that the islands are

in alignment with the underlying atomic steps of the GaN,

which is based on AFMs of the GaN templates (not shown).

The InGaN film at these steps is not flat and should affect the

etching rate. It is possible that the InGaN layer experience

differences in polarization induced fields and a resulting dif-

ference in bias at these locations that slightly inhibits and

seeds QD formation. Indeed, the QDs seem to form on or

close to these atomic steps indicating a reduced etch bias.

Figure 2(d) shows the sample etched under the same

condition as Fig. 2(c) except with pulsed laser conditions at

20 kHz, 5% duty cycle, and average power of 20 mW/cm2.

The QD density is �800/lm2, and the small islands are sepa-

rated further and shrink to even smaller size to form QDs.

The QDs have a diameter that is �20 nm and height that is

�5 nm. (Note the AFM is artificially stretching the QDs in

the horizontal direction due to the tip and scan speed, and

the diameter is taken in the vertical direction.) The pulsed

laser light is producing higher peak power, and this creates a

larger number of positive charge at the InGaN/electrolyte

interface possibly due to nonlinear absorption for more effi-

cient etching. Alternatively, the pulsing could allow for oxi-

dation and reduction to proceed more efficiently where the

InGaN film oxidizes during the pulse and reduces in the off

state. It should be noted that the size distribution of the QDs

shown here is larger than previous reports using a Ti-

sapphire laser for etching,24 which can be attributed to the

larger linewidth of the laser diode, the broader emission

from the initial film, variations in the film composition and

thickness, surface roughness and morphology of the initial

film, and stability of the laser exposure set up. However,

similar to previous reports, the etch current is high at the

beginning of the etch and decreases as the light absorption

changes during etching.

Figure 3 shows AFM images of QDs with and without

Al0.45Ga0.55N/GaN passivation layers at two different loca-

tions on the pie-shaped sample etched for �30 min. The con-

ditions are similar to the sample shown in Fig. 2(d) except

the average laser pulse power is 100 mW/cm2 to further

shrink the QD size. The QDs in Fig. 3(a) are located at the

approximate middle of the sample and etched with direct

laser light, and the QDs in Fig. 3(b) are on an edge of the

sample and occur just incident scattering light (unknown

intensity) during etching. The QDs in the middle of the sam-

ple [Fig. 3(b)] have smaller size and a smaller dot density

compared to the QDs formed from indirect light with

approximate diameters of 20 nm and heights of 5 nm. This

allows for comparison of different QD sizes and densities on

the same sample. At these pump power densities, the QDs

dot not produce photoluminescence due to high defect

recombination (e. g. point defects and surfaces).

These QDs are then subject to regrowth of passivation

layers consisting of the 2 nm thick Al0.45Ga0.55N and 11 nm

thick GaN. The AlGaN layer is grown at 720 �C and the tem-

perature is then raised to 905 �C to grow the GaN. This

sequence is similar to multiple quantum well structures with

AlGaN interlayers used for LEDs emitting in the green-

red.27–29 The low temperature AlGaN layer is intended to

cap the InGaN and prevent decomposition and loss of indium

during regrowth. Bare QDs exposed to an anneal in N2 for

2 min at the same temperature show no appreciable change

in size, shape, and density. After AlGaN capping, the GaN

layer is grown which further passivates the InGaN QDs and

protects from reorganization, and the higher growth tempera-

ture anneal and promotes reduction of defects in the InGaN

layer. These positive effects have been observed in InGaN

QWs with high In content employing the AlGaN/GaN

growth and temperature sequence.28 Growth of GaN passiv-

ation layers at various temperatures are not as effective as

this passivation scheme (data not shown). Figures 3(c) and

3(d) show AFM images after regrowth of the passivation

layers. The topography of regrown sample surface is mostly

flat with a variation of less than 0.5 nm. However, there is

some pitting on the surface and the density of pits scales

with the density of QDs, suggesting the pits are due to the

QDs. Also, it is possible that the QD shape could change

slightly during regrowth and this is not revealed in these

AFMs. Further work is necessary to understand any QD

shape changes and eliminate these pits.

The growth of the passivation layers recovers the lumi-

nescence of the QDs. Figures 4(a) and 4(b) show the PL

from the two different areas (Fig. 3) and at different tempera-

tures. The QDs in the middle exhibit a PL peak at �435 nm

and at 77 K, and this PL peak red shifts to �439 nm at

300 K. The PL intensity is low, and the “yellow band” emis-

sion from the GaN30 is visible in the plot at longer wave-

lengths. For the edge of the sample with a higher QD density

the PL peak is at �439 nm at 77 K, and the peak red shifts to

443 nm at 300 K. The higher QD density leads to higher

intensity, and the yellow band is less visible. It should be

noted that the QDs shown here exhibit a narrow full-width at

half-maximum (FWHM) at 35 nm which is at the low range

of QD formed by SK growth17–20 due to the high dimen-

sional control.

FIG. 3. AFM images of (a) QDs in the middle of the sample with direct laser

emission at 100 mW/cm2, and (b) QDs at the edge of the sample with indi-

rect (scattering) light. Both are etched at a bias of 1.5 V and for �30 min.

The QDs in the middle of the sample are smaller in size and have a higher

density. AFM images at the middle (c) and edge (d) of the sample after

regrowth of the AlGaN/GaN passivation layers. Most of the surface is

extremely flat with some pitting that scales with the QD dot density.

121106-3 Wei et al. Appl. Phys. Lett. 113, 121106 (2018)



In conclusion, InGaN QDs formed by QSC-PEC etching

and regrowth of AlGaN/GaN passivation layers is demon-

strated. To form the QDs, a minimum bias and pulsed laser

light is required. These results also confirm the importance of

passivation layer growth in etch-based epitaxial QDs in order

to reduce defect recombination that prohibits luminescence.

This demonstration shifted the PL from the green (QW) to the

blue (QDs) which could be interesting for displays or SSL.

The passivated QDs exhibit room temperature photolumines-

cence at �435–445 nm, narrow FWHM �35 nm, and the

intensity of the QDs is higher with a higher QD density.
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