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We propose a device concept for a hybrid nanocrystal/III-nitride based nano-LED. Our approach is

based on the direct electro-optical pumping of nanocrystals (secondary excitation) by electrically

driven InGaN/GaN nano-LEDs as the primary excitation source. To this end, a universal hybrid

optoelectronic platform was developed for a large range of optically active nano- and mesoscopic

structures. The advantage of the approach is that the emission of the nanocrystals can be electri-

cally induced without the need of contacting them. The proof of principal was demonstrated for the

electro-optical pumping of CdSe nanocrystals. The nano-LEDs with a diameter of 100 nm exhibit a

very low current of �8 nA at 5V bias which is several orders of magnitude smaller than for those

conventionally used. The leakage currents in the device layout were typically in the range of 8 pA

to 20 pA/cm2 at 5V bias. The photon-photon down conversion efficiency was determined to be

27%. Microphotoluminescence and microelectroluminescence characterization demonstrate the

potential for future optoelectronics and highly secure “green” information technology applications.

VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941923]

During the last decades, rapid progress in the develop-

ment of nanostructures brought about new insights into

applied physics resulting in a number of new applications for

electronics,1–4 medicine,5–7 optics or even main stream elec-

tronics.8,9 However it has become more and more challenging

on the one hand to connect nanoscale structures to the “real

world” and on the other hand to characterize them. There are

numerous reasons. The nanostructures consist to a larger part

of surface, which is directly exposed to the ambient in the

individual technological steps used in conventional device

integration. These steps can alter the characteristics of the

nanostructures by changing their surface composition.10

Furthermore, it is quite a challenge to contact non-planar

small nanoscale objects.11,12 At last, the characterization10,13

of the nanostructures and their altered surfaces is challenging

due to the resolution limits of the conventional characteriza-

tion techniques employed. It becomes ambiguous to relate the

characteristics to the properties of “pure,” non-surface altered

nanostructures. Conventional device concepts have already

reached their limits also with respect to the need for reduced

energy consumption. The next generation of highly sophisti-

cated optoelectronics based on sub-nanoscale and mesoscopic

material systems calls for alternative concepts, which limit

processing technology to a minimum, which make contacting

superfluous and which can be employed for a large number

of different wavelengths and nanoscopic applications.

Additionally, they should address the need for low-energy

consumption.

Here in our work, we present a device concept based on a

direct electro-optical pumping procedure.14 The device con-

cept constitutes a universal hybrid platform suitable for a large

range of materials ranging from atomic through mesoscopic

as well as nanometer sized objects. From an application point

of view, such a platform should be based on an electrically,

physically, and chemically stable and robust material system.

III-nitrides with their unique material properties15,16 were

chosen as the best candidate for this purpose. Additionally,

their band gaps cover a broad spectral range from �360 nm

(GaN) to �1700 nm (InN). Here, electrically driven nitride

based UV nano-LEDs constitute the primary source for pho-

tons, which then serve as an excitation source for single nano-

crystals with smaller band gaps. The UV-LEDs generate

electron-hole pairs in a large variety of such nanocrystals

which then emit at longer wavelengths. Alternative materials

such as GaAs can also be employed, but the choice of nano-

crystals for secondary emission is then limited. Principally,

UV LEDs are already used as excitation sources for nanocrys-

tals such as CdSe17–19 to obtain white light for solid state

lighting.20–22 Many nanocrystals are electro-optically pumped

simultaneously to increase the photon fluxes of the white

light. In contrast, our approach aims at extremely low energy

consumption optoelectronics by using a nano-LED to excite
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just one nanocrystal and to produce low photon fluxes and

ultimately single photon emission. Even though we realize

that there are number of different approaches to obtain single

photon emission23–25 and that colloidal nanocrystals are only

limited in their suitability for such an application,25 CdSe

nanocrystals were chosen nevertheless. They are well suited

to demonstrate the universal applicability of the hybrid single

nanocrystal/III-N based nano-LED approach. The nanocrys-

tals were excited by a (UV) nano-LED. The emission wave-

length of the nanocrystals was tuned by utilizing the quantum

size effect26–28 and preparing crystals of the appropriate/

desired size. Importantly, the difficult task of direct nanocrys-

tal contacting is circumvented. The hybrid nanocrystal/nano-

LED devices were arranged in arrays and are prepared to be

singularly addressable in future.29

One of the most costly steps in nanostructure processing

is e-beam lithography. Our concept calls for only one-time

use of e-beam lithography to define the nano-LEDs. All

further processing steps are realized with standard optical

lithography. In contrast, other device concepts, in which nano-

structures are contacted directly, and numerous e-beam lithog-

raphy steps are employed. Therefore, our concept allows for a

reduction of costs since it could significantly increase and

simplify the mass production of nanostructured optoelectronic

devices. This simple concept is presented in Figure 1.

We started out with an LED structure deposited by metal-

organic vapor phase epitaxy (MOVPE) on a 200 c-plane sapphire

substrate using N2 as the carrier gas
30,31 throughout the deposi-

tion of the In0.1Ga0.9N quantum wells and p-GaN layer growth.

At first, an n-doped GaN layer with a donor concentration of

5� 1018 cm�3 was deposited followed by a fivefold quantum

well structure (16 nm GaN barrier, 2.5 nm In0.1Ga0.9N) which

was capped with p and pþþ GaN with an acceptor concentra-

tion of 5� 1017 cm�3 and 6� 1018 cm�3, respectively. The fab-

rication schematics of the hybrid nanocrystal/III nitride based

nano-LED technological procedure is presented in Figure 2. At

first, nano-LEDs were defined using electron-beam lithography

combined with an Ar Ion-Beam-Etching (IBE) process to real-

ize protective Ni-caps according to Figure 2(a) with three dif-

ferent diameters: 100, 150, and 200 nm and with a height of the

nano-LED columns of 400–500 nm. This process needs to be

optimized carefully32 since IBE (and also other technological

processes33) can damage the material and leads to a suppression

of radiative recombination. To this end a fast inspection method

was used to evaluate the nano-LEDs: microphotoluminescence.

No further processing steps are needed. The etching damage is

detectable by a decrease of photoluminescence (PL) intensity

emitted from etched nanostructures34 as will be discussed later.

All nanostructures were isolated from their neighbors using a

hydrogen silsesquioxane (HSQ) thin film, which transforms

into SiO2 upon annealing (Figure 2(b)). The Ni-capping layer

was removed by an HCl:H2O solution (Figure 2(c)). At last,

transparent Ni/Au (5/5 nm) top contacts were defined with the

help of conventional optical lithography (Figure 2(d)). The

entire/analogical technological process was described in detail

in a previous publication35 however with one important excep-

tion: the thickness of the spun on HSQ was adjusted so that it

does not reach completely up to the top of the Ni cap. This step

FIG. 1. Principal schematics of the hybrid nanocrystal/III-nitride based

nano-LED structure.

FIG. 2. Fabrication schematics of the

hybrid nanocrystal/III nitride based

nano-LED (a) after Ar ion beam etch-

ing, (b) after encompassing the nano-

structures in HSQ/SiO2 for device

insulation, (c) after removal of the pro-

tective Ni masking cap, and (d) after

formation of transparent top metal con-

tact and nanocrystal integration.
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is very challenging since an exact control of HSQ thickness

during spinning and after annealing has to be ensured. The layer

must not cover the Ni-cap but must barely stay below its sur-

face (see Figure 2(b)). A much smaller HSQ thickness was

needed for the previous application of nano-LEDs as sources

for lithography.35 After the removal of the Ni cap, an aperture

is formed in the SiO2 (Figure 2(c)), the depth of which

(20–100 nm) is tuned with respect to the nanocrystal size cho-

sen. Subsequently, the apertures are conformally covered with

the transparent top contact. The nanocrystals fill all the aper-

tures and are in direct contact with the nano-LED (Figure 2(d)).

Figure 3 presents the PL intensity studies for nanostruc-

tures of different sizes formed by different Ar-ion accelerating

voltages (Va) during etching. A decrease in accelerating volt-

age from 500V to 200V causes a significant increase in PL

intensity emitted by a single nano-LED by �20% to 300%, as

it is evident for all 3 presented nano-LED diameters. In the

case of 100 nm nanostructures, a fourfold intensity increase

was achieved after etching parameter optimization. We

assume that channeling effects as well as surface roughening

initialized an increase in non-radiative recombination centers

in the region close to the structure “wall.” For a small nano-

LED diameter, the ratio of “intact” to etch-modified regions

plays a more significant role in comparison with large diame-

ter structures. Hence, an optimization of etching parameters

needs to be performed more carefully. Furthermore, the PL in-

tensity is primarily influenced by the (nano-LED) volume and

increases with size. The intensity is additionally strongly

affected by an effective suppression of non-radiative recombi-

nation. Figure 4 presents microphotoluminescence spectra for

nano-LED structures with 100 and 200 nm in diameter pre-

pared using optimized IBE process parameters. The well-

known linear PL peak intensity and energy dependence on

structure size17 are observed. The nanostructures relax in a

size-dependent way due to the Ar-IBE process induced nano-

structure formation. A single nano-LED with a diameter of

100 nm exhibits �60meV redshift in comparison to its

200 nm etched nanostructure counterpart. This is a reproduci-

ble effect can be used to tune the wavelength emission35 of

the primary excitation source.

After the optimization of the nano-LEDs and their inte-

gration into a vertical device layout, the fabrication proce-

dure of which was described in detail previously,35 a

universal hybrid optoelectronic platform was prepared for

the transfer of CdSe nanocrystals to the optically active top

nano-LED area (see schematics–Figure 2(d)). Due to their

conical shape caused by the Ar-IBE etching angle, nano-

LEDs with a nominal diameter of 100 nm exhibit a diameter

at their tops of 50 nm, i.e., the aperture size is �50 nm (see

inset in Figure 6(b)). A conventional chemical preparation

approach was used to obtain CdSe colloidal particles and the

respective nanocrystals.36 A commonly used Zetasizer Nano

ZS was employed to determine the nanoparticle size distribu-

tion in the dispersant. The size centered around 4 nm. In the

following, CdSe colloidal particles were dispersed in toluene

with a dilution adjusted to fit the aperture density. They were

injected onto the top of the nano-LED area. The injection

procedure was performed at room temperature by means of a

manual micromechanical moving system, similar to our pre-

viously reported transfer technique for mesostructures.37

A quartz-glass micro-pipette with a �1 lm outer diameter

was filled with the CdSe colloidal particle suspension. An

area with 50 nm apertures was covered with an about 5 lm

droplet of colloidal particle suspension in diameter. After

the evaporation of the dispersant, the nanocrystals were

found to be randomly distributed across the injected area.

Nevertheless, we found crystals in every aperture, i.e., also

at the tops of all the nano-LEDs. Figure 5(a) depicts the

result of the technological procedure described above. Here

we note that a future improvement of the colloidal particle

injection technique could increase the technological effi-

ciency as well as the speed of the entire process resulting

in a reduction of resources. This is a crucial point for the

application of the technique to future mass-production.

Figure 5(b) presents the nano-LEDs, for which Ni/Au

(5/5 nm) transparent top contacts as well as recessed bottom

contacts were fabricated,35 together with the well-positioned

CdSe nanocrystals at their tops. Their integration into a de-

vice layout suitable for DC testing and future high frequency

(HF) operation is shown in Figure 5(c). The layout was

designed and optimized regarding its impedance for a large

range of optoelectronic applications using CST Microwave

Studio
VR
2013. For the sake of comparison, equivalent device

structures without nano-LEDs were fabricated and tested

with the aim of obtaining information on leakage currents.

These should be effectively suppressed in order to minimize

electrical losses as well as to eliminate heating effects caused

by a parasitic current. To this end, the optimization of the

HSQ/SiO2 isolation procedure was carried out.38,39 DC

measurements indicate that the leakage currents in our de-

vice layout reached values typically in the range of 8 pA to

20 pA/cm2 at 5V bias voltage—the bias level to be used later

for nano-LED and direct electro-optic pumping operation.

FIG. 3. Micro-PL intensity of nano-LEDs with 100 (pink circles), 150 (blue

circles), and 200 (red circles) nm diameter as a function of Ar-IBE accelerat-

ing voltage (Va). The highest intensity is observed for 200V accelerating

voltage which is optimal for nano-LED etching.

FIG. 4. Micro-PL intensity recorded for nano-LEDs with 100 and 200 nm di-

ameter produced using an optimized Ar-IBE process. The emission wave-

length can be tuned by the nano-LED diameter.35
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In the following, micro-electroluminescence measurements

were performed at 5V bias on selectively contacted nano-LED

structures integrated into the vertical device layout. A represen-

tative electroluminescence spectrum from a single (100nm in

diameter) nano-LED structure is presented in Figure 6(a). The

maximum wavelength emitted from this nano-LED structure is

about 402nm, which corresponds to a photon energy of

�3.08 eV. The I/V characteristic shown in Figure 6(b) indicates

a very low energy consumption of �40 nW at 5V bias, which

may be around 6–7 orders of magnitude lower than for a con-

ventional LED.40 This emission energy is sufficient to pump/

excite CdSe nanocrystals (Figure 5(a)). An example is pre-

sented in the inset of Figure 6(c) for a single nanocrystal of

�4 nm in diameter. The nano-LED initiates emission at

�540nm. The emission wavelength detected is smaller than

that for the colloidal nanoparticle dispersion. This is due to the

fact that the single nanocrystal excited has a smaller diameter

than the mean diameter of the nanocrystals in the dispersion.

The emission wavelength of the nanocrystal is also blue-shifted

with respect to bulk CdSe. This quantum size effect induced

blue shift of the nanocrystal emission wavelength can be

exploited for emission wavelength tuning.26–28 A striking prop-

erty of the single nanocrystal emission is its spectral sharpness.

While the room temperature emission of bulk CdSe is broad,

the FWHM of the single CdSe nanocrystal emission peak is

only 30meV. (Even the emission of the colloidal nanoparticles

with a certain spread in crystal sizes is considerably sharper

(FWHM� 140meV) than observed for bulk CdSe.) For the ex-

planation of this result, the diameter of the excitons in compari-

son to the CdSe nanocrystal size needs to be taken into account.

With the refractive index for CdSe n� 3 at 550nm, the result-

ing Bohr radius of the excitons amounts to about 4 to 5 nm and

is comparable to or even exceeds the nanocrystal size.28

Consequently, the nanocrystal behaves atom-like and its emis-

sion line width becomes extremely sharp. The observed

FWHM of 30meV is most probably due to thermal broadening

at room temperature (kT� 25meV at 300K). The efficiency of

the initiated emission for the singular nanocrystal was deter-

mined according to previous studies.41,42 Electroluminescence

and photoluminescence emission spectra were integrated and

the emission energy of the nano-LED (Eexc) and the nanopar-

ticle (Eemit) was determined. The ratio Eemit/Eexc is proportional

to the conversion efficiency. The efficiency of photon-photon

conversion was calculated to be about 27%. In our case, the

electrically driven nano-LED structure emits a train of photons

FIG. 6. Micro-EL measurements (a) of a single ø 100 nm nano-LED (pump), (b) I/V characteristic of the respective nano-LED, and (c) micro-PL measure-

ments for CdSe colloidal particles and a single CdSe nanocrystal (NC) with a diameter of �4 nm (inset). A blue shift of the emission energy by �65meV is

observed when the dispersant is removed.

FIG. 5. SEM micrographs: (a) nanocrystal (NC) positioned in SiO2 hole

structure. (b) Array of nano-LEDs with NCs with a transparent Ni/Au

(5/5 nm) top contact and annealed Ti/Al/Ni/Au bottom contacts. (c) Fully

integrated NC/nano-LED structures (green dots, as a guide to the eye) in the

device layout suitable for DC and HF characterization.
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with a high energy and number. The photons absorbed by the

nanocrystal can only partially be exploited to induce radiative

recombination. Since a strong quantum size effect is observed

for all nanocrystal sizes studied here, photons with the desired

wavelength are emitted just by choosing a suitable nanocrystal

size. If the photon counts exceed the maximal photon number

absorbable by a single nanocrystal, the quantum efficiency of

the whole photon-photon conversion process decreases.

However, the photon emission from the primary excitation

source—the nano-LED—can be adjusted by the control of cur-

rent flow. An adequate number of photons can be generated for

an efficient quantum conversion in the nanoparticle system.

This effect can be utilized to increase the efficiency of the sec-

ondary photon emission. The approach constitutes a technology

suitable for the mass production of such hybrid photon sources

primarily needed for highly secure and reliable communication

systems.

In our work, we realized a hybrid nanocrystal/nano-LED

devices integrated into a device layout suitable for DC testing

and characterization and for future HF operation. The electri-

cally driven nano-LEDs were utilized as the primary excita-

tion sources to directly optically pump emission from the

nanoparticles as the secondary sources. The technological pro-

cedure of device development and optimization was reported.

Quantum size affected emission was observed from the nano-

particles and discussed. The efficiency of photon-photon con-

version was calculated to be about 27%. The potential of the

hybrid approach to induce single photon emission at a desired

wavelength is presented. This universal hybrid optoelectronic

platform is suitable for a large range of mesoscopic and nano-

meter sized applications. Since the nano-LEDs exhibit a very

low current of �8 nA for a diameter of 100 nm at 5V bias—

which may be around 6–7 orders of magnitude smaller than

for conventional LEDs40—and small leakage currents in the

range of 8 pA to 20 pA/cm2, the device concept is a very

promising candidate for a low energy and resources consum-

ing optoelectronics and suitable for mass production.
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