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Vertically integrated III-nitride based nano-LEDs (light emitting diodes) were designed and fabricated

for operation in the telecommunication wavelength range in the (p-GaN/InGaN/n-GaN/sapphire) mate-

rial system. The band edge luminescence energy of the nano-LEDs could be engineered by tuning the

composition and size of the InGaN mesoscopic structures. Narrow band edge photoluminescence and

electroluminescence were observed. Our mesoscopic InGaN structures (depending on diameter) feature

a very low power consumption in the range between 2 nW and 30 nW. The suitability of the technolog-

ical process for the long-term operation of LEDs is demonstrated by reliability measurements. The

optical and electrical characterization presented show strong potential for future low energy consump-

tion optoelectronics. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960007]

Future energy saving optoelectronics including nano-

LEDs (light emitting diodes) will be based on nanowires and

mesoscopic structures.1–3 Such structures are the key also for

highly secure and ultrafast optoelectronics4,5 as well as quan-

tum dot based nano-photonics.6,7 There is an especially strong

need to develop such emitting sources for room temperature

operation and at the wavelengths used for telecommunication.

To this end, they must be fully compatible with established

communication systems.8 The InGaN alloy is especially suit-

able since it can be tailored to emit in the energy range

between �0.7 eV and �3.4 eV solely by tuning the composi-

tion and benefits from the exceptional robustness9 of GaN-

based systems against mechanical, thermal, and radiative

stress. The energy spectrum includes the important telecom

windows used for long-range telecommunication (wavelengths

around 1300 nm and around 1550 nm). Additionally, III-

nitride semiconductors are well suitable for ultrafast optoelec-

tronics. This has been confirmed by the fabrication of picosec-

ond and sub-picosecond operated metal–semiconductor–metal

photodetectors (MSM PDs) on low-temperature-grown GaN10

as well as with their implementation into a monolithically inte-

grated optoelectronic circuit.11 Beside the suitable choice for

the semiconductor emitter, major challenges are the whole

nano-LED integration technology and especially the contacts

for reliable long term operation. The top contact (including the

highly p-doped GaN contact layer12) should be highly electri-

cally conductive, optically transparent, thermally and mechan-

ically stable, and simple to fabricate. The nano-LEDs should

be well-positioned and should exhibit the least possible struc-

tural defects at which non-radiative recombination processes

often occur. Such processes lead to a heating of the structures

and to degradation, which impedes long-term stability. We

chose the same bottom-up procedure13 to define the emitting

nanostructure’s position by selective area growth14 as reported

for InN nanostructures. In contrast, here, we center on InGaN

nano- and mesostructured arrays. They are obtained without

any etching-related damage and are, in addition, of high crys-

talline perfection because the strain present between GaN and

InGaN can be more easily relaxed directly during the growth

of the nano- or mesostructures. The nano-LEDs were inte-

grated into a vertical device layout suitable for DC testing and

future high-frequency operation. Transparent Ni/Au contacts

were employed, the annealing procedure of which was care-

fully optimized for long-term operation.

Figure 1 presents a principal schematic of the integration

technology of a single p-GaN/InGaN/n-GaN nanopyramid.

An n-doped GaN on sapphire template is covered with a SiO2

layer in which holes are prepared by e-beam lithography

and successive reactive ion etching (RIE) for selective area

growth (Figure 1(a)). InGaN nanopyramids are deposited

selectively in the apertures of the mask. As sketched in Figure

1(b), the nanostructures are contained within the mask at first

during growth and then eventually exceed it forming the

nanopyramids observed. They are subsequently capped with

p-GaN as demonstrated in Figure 1(c). Figure 1(d) depicts the

recessed Ohmic bottom contacts after various lithography,

dry etching, and annealing steps as well as the thin semi-

transparent metallic Ni/Au top contact. In order to realize the

mesoscopic sized nano-LEDs emitting within the telecom

band, we started with the site-controlled growth of InGaN

nanostructures via catalyst-free selective-area MOVPE.13,14

The initial point for selective area growth were uniform and

smooth n-doped GaN layers of at least 1.3 lm thickness on

sapphire (c-plane) masked with a 50 nm thick SiO2 layer. The

manufacturing process was optimized with respect to the

mask pattern in order to be able to fabricate individually

addressable InGaN nanopyramid based nano-LEDs. To this

end, a hexagonally arranged array of openings was defined by

electron beam lithography followed by reactive ion etching

(RIE) with trifluoromethane (CHF3) gas with a separation
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distance fixed to 3 lm. The bottom hole diameter was varied

from 20 nm to 100 nm. All samples were grown by MOVPE

in an AIX 200/4 RF-S horizontal flow reactor (AIXTRON)

using N2 as the carrier gas to transport the precursors triethyl

gallium (TEGa) and trimethyl indium (TMIn) for the In con-

taining alloy.15–18 Growth parameters were employed which

were tuned with respect to the highest possible selectivity

resulting in a reactor pressure of 400 mbar, a growth tempera-

ture of 650 �C, and an NH3 to group III precursor molar flow

ratio of 22 000. The composition of the InGaN nanostructures

was varied by changing the TMIn molar flow from

0.712 lmol/min to 6.4 lmol/min at a constant total group III

precursor molar flow of 7.12 lmol/min. P-doped GaN capped

the nanostructures. After this optimization, the growth time

was varied in order to study the evolution of nanostructures

with respect to their morphology and their optical properties.8

Details on the growth experiments will be reported separately.

A series of samples with varying InGaN composition and

with a constant hole diameter of 100 nm were investigated by

micro-photoluminescence (PL) first. The recorded emission

wavelength for this series is presented in Figure 2. A similar

experimental observation was reported for InGaN layers for

example, by Vurgaftman et al.19 There the emission wave-

length at room temperature correlates with the band gaps of

the alloys. It obeys the following equation for the whole alloy

composition range:

EðInxGa1�xNÞ ¼ xEðInNÞ þ ð1 –xÞEðGaNÞ–bxð1 –xÞ; (1)

where E(X) denotes the energy gap of the compound X, x the

In content in the ternary alloy, and b renders the deviation

from a linear interpolation (virtual-crystal approximation).

“b” is also called the bowing parameter. Its physical origin

can be traced to dis-order effects created by the presence of

cations of a different size.19 The experimental data reported

are based on monocrystalline layers. These experimental

results correlate well with theoretical values based on work

by Pel�a et al.20 using the LDA-1/2 method (local density

approximation) and which constitutes a better fit to experi-

mental data than that published earlier by Ferreira et al.21

Pel�a combined first-principles calculations within the LDA-

1/2 approach with the generalized quasi-chemical approach

(GQCA) including dis-order and compositional effects.

Their work also includes the approximation of the self-

energy of excitations in semiconductors. It provides effective

masses as well as energy band structures and band gap

parameters in nearly ideal agreement with experimental

results reported previously. Our nanostructures also exhibit a

similar dependence of emission wavelength on the In com-

position. The room temperature emission energy may not be

identical to the band gap of the nanostructures themselves

but is most certainly near band edge luminescence and could

additionally be influenced by deep level donor centers. Even

though we cannot attribute the room temperature photolumi-

nescence wavelength to the band gap energy with certainty,

its control by changing the indium composition is important

for applications independent of its origin and can also be

described by Equation (1). The experimental data for our

nanostructures with a diameter of 100 nm fit quite well to

those calculated by the above equation if 0.25 is employed

as the factor b relating to a deviation from a linear interpola-

tion between the respective band gaps of the binary com-

pounds InN and GaN for the alloy. This small bowing

parameter could be attributed to the difference in strain/dis-

order in our nanostructures in comparison to more disturbed

layers (i.e., bulk materials). The experimental data presented

here demonstrate that the wavelength was tunable from the

UV range (GaN–365 nm) through the visible up to the near

infrared range by controlling the TMIn to total group III

molar flow ratio. When using an In composition of close to

90%, emission is achieved in the technologically important

telecommunication wavelength range. This ratio/composi-

tion is employed for the subsequent experiments.

FIG. 1. Principal schematics of the integration technology of a single

p-GaN/In GaN/n-GaN nanopyramid. (a) After E-beam lithography and RIE-

hole pattern transfer in SiO2 layer/mask, (b) after selective area growth/

MOVPE of InGaN nanopyramids, (c) after selective p-GaN overgrowth by

MOVPE, (d) recessed Ohmic bottom contacts were processed by various

lithography, dry etching, and annealing steps. A thin semi-transparent metal-

lic film of Ni/Au was used for the top contact.

FIG. 2. Dependence of the PL emission wavelength for InGaN nanopyra-

mids (diameter: 100 nm) on the In composition. The line presents calculated

values using Equation (1),19 0.25 as the parameter b and converting energy

into wavelength. The emission wavelength can be tuned from the UV range

(GaN–365 nm) through the visible up to the near infrared range by control-

ling the TMIn to total group III molar flow ratio. When using an In composi-

tion of close to 90%, emission is achieved in the technologically important

telecommunication wavelength range.
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Next, the hexagonally arranged p-GaN/In0.9Ga0.1N nano-

pyramid quantum dots were integrated into a device layout

for DC testing and future high-frequency operation. The fabri-

cation process was already described earlier.8 After mesa iso-

lation, bottom contacts were defined by optical lithography

and, subsequently, Ar-ion beam etching (IBE) was used to

remove the SiO2 mask layer. This technology is sensitive to

etching parameters and must be carefully optimized to mini-

mize surface roughening/damage and to reduce detrimental

in-depth defects due to channeling. Subsequently—after met-

allization with Ti/Al/Ni/Au—bottom contacts were annealed

in nitrogen ambient under optimized temperature to prevent

InGaN nanostructure degradation. Transparent top contacts

Ni/Au22 were deposited on top of the p-GaN/In0.9Ga0.1N

nanopyramids and subsequently treated with an optimized

thermal annealing process. Additionally, the entire surround-

ing surface area (except for the mesa with bottom and top

contacts) was coated with a 200 nm SiO2 layer to prevent

leakage currents. In the last step, the nano-LED device based

on InGaN nanostructures was connected to contact pads

(Ti/Au) for DC testing and future RF operation by employing

optical lithography and a lift-off process. An SEM micro-

graph of the fully integrated nano-LED structure is presented

in Figure 3.

Arrays of hexagonally arranged nano-LEDs with a hole

diameter of 20 nm were characterized by micro electrolumi-

nescence (EL). A mapping (Figure 4) was carried out for the

sake of statistics on the one hand for the evaluation of the

effectiveness as well as the reproducibility of the optimized

integration process on the other hand. The micro EL mapping

intensity was recorded by an InGaAs detector and spectrally

analyzed with the help of a RENISHAW spectrometer. All

nano-LEDs exhibit EL in the same intensity range. Typical/

representative full EL spectra are presented in Figure 5.

A systematic red shift of emission wavelength with

decreasing structure size is observed (Figure 5). This observa-

tion is—at a first glance—rather counterintuitive. However,

as long as the structure size does not approach the dimensions

at which quantum confinement effects are to be expected,

the dimension of the mesostructures should not affect the

emission wavelength. However, it has been observed for

nano-LED structures etched from LED layers on sapphire

substrate that the EL peak wavelength does correlate with the

structure size23 and a red-shift of electroluminescence wave-

length is observed as the structure dimensions decrease.

Extensive earlier photoluminescence studies24 disclosed that

the emission wavelength for tensile strained GaN layers

deposited on Si tends to blue shift and compressive strained

GaN on sapphire tends to red shift as the structure sizes

become smaller in reactive ion etching processes. The emis-

sion wavelength ultimately coincides for GaN deposited on

both templates as the nanostructure dimension decreases. This

is attributed to the possibility of strain relaxation in the etched

structures.24 For the nano-LED devices reported here, the

same behavior is observed. We found that a single nano-LED

with a diameter of 20 nm exhibits about 100 nm redshift in

comparison to its 100 nm diameter counterpart (Figure 5).

There have been a number of reports dealing with the optical

and structural characteristics of InAs quantum dots deposited

by self-assembly in a Stranski-Krastanov growth mode on

GaAs substrates (see e.g., Refs. 25 and 26). It was found that

there is a non-uniform distribution of strain in the structures,

which strongly affects their emission energy. The InAs

FIG. 3. Scanning electron micrograph of integrated p-GaN/In0.9Ga0.1N/

n-GaN p-i-n nanostructures. The inset shows the hexagonally arranged struc-

tures and a single nanopyramid with Ni/Au top contact.

FIG. 4. Micro electroluminescence mapping of hexagonally arranged meso-

scopic p-GaN/In0.9Ga0.1N/n-GaN nano-LED elements. The results demon-

strate a uniform distribution in optical properties over a large area in the

array. The mapping is recorded with an InGaAs detector at a wavelength of

1550 nm and the stage moves in 500 nm-sized steps.

FIG. 5. Micro electroluminescence measurements for single 20 nm, 50 nm,

and 100 nm (diameter) vertically integrated p-GaN/In0.9Ga0.1N/n-GaN nano-

LED structures. The nano-LED diameter size can be used additionally to

tune the emission wavelength.23
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quantum dots (pyramids) were encompassed in GaAs layers.

The effect of strain during nanostructure growth and its influ-

ence on emission properties is probably different for the nano-

structures reported here. At first, the structures fill the holes in

the mask. As soon as the nanostructures exceed the mask,

they may relax. A formation of crystal defects may be less

likely than in layer structures. This effect was already

observed for pure GaN and InN nanopyramids deposited

selectively on GaN growth templates.14,27 Beside the strain

due to lattice parameter differences between InGaN and GaN

and the resulting difference in size related strain relaxation,

an interaction between the mask and nanostructure is also

possible, which will be dissimilar at growth temperature

and room temperature due to the difference in thermal expan-

sion coefficients of the mask and InGaN alloy. In addition,

there may also be a strain effect between the p-doped GaN

cap-layer and the InGaN mesostructures even though strain

relaxation may be easier towards the top of the nano-LED

structure, since there is “room” for relaxation. At any rate, the

same systematic size effect of the nanostructures on emission

wavelength is observed for the InGaN alloy as for the InN

and GaN binary nanostructures. Therefore, the effect is most

probably due mainly to strain differences between the respec-

tive nanopyramid and growth template as the structure size

becomes smaller. An additional strain effect of the p-doped

GaN cap will also be present but may be less dominant since

the mesostructures are only capped thinly and strain at the top

of the mesostructures may relax more efficiently. The effect

of mesostructured size can be used to tune the wavelength

emission additionally.23

At last, nano-LEDs were subjected to an ultimate “stress

test.” Usually, in future, the emitters are to be operated in a

pulsed regime. In contrast, here, we investigated their long-

term operation stability by driving them constantly at 4 V

bias. To this end, we recorded the individual spectra (repre-

sentative spectra are presented in Figure 5) for the 3 different

nano-LED sizes for 1000 h (Figure 6). Ideally, a constant

EL intensity would be desirable. However, the intensity

decreases moderately for all three diameter sizes—somewhat

earlier for the smaller than for the larger devices. For the

mesoscopic-sized structures, a larger decline of intensity is

found, at first. However, after this initial stronger decrease,

the intensity of the EL only diminishes slightly with time.

Even the mesoscopic structures were driven for up to 1000 h.

After the “stress test,” the electroluminescence resumed its

initial intensity indicating that the nano-LEDs do not deterio-

rate and heating effects most probably account for the inten-

sity decrease. Furthermore, our mesoscopic InGaN structures

(depending on diameter) feature a very low power consump-

tion in the range between 2 nW and 30 nW.

We integrated mesoscopic p-GaN/In0.9Ga0.1N/n-GaN

structures into a vertical device layout suitable for DC testing

and future high frequency operation. They emit within the

telecommunication wavelength range. It was demonstrated

that the technological process for the nano-LED emitters is

well suitable for long-term operation without any indication

of significant degradation effects. They feature a very low-

energy consumption in the range of 2 nW–30 nW. This

nano-LED technology is suitable for low energy consump-

tion optoelectronics operated in the telecommunication

wavelength range.
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