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0. Abstract

Abstract

This thesis investigates a new type of white light emitting hybrid
diode, composed of a light emitting GaN/InGaN LED and a layer of
semiconductor nanocrystals for color conversion. Unlike standard white
LEDs, the device is configured to achieve high color conversion
efficiency via non-radiative energy transfer from the primary LED to the
nanocrystals.

LED structures with sub-10 nm separation the between quantum
well and the surface and patterned standard bright LEDs are considered
for the hybrid devices, which require close proximity of the nanocrystals
to the quantum well. The development of the hybrid diode fabrication
including process techniques for GaN LED and incorporation of the
nanocrystals are presented with the emphasis on the differences with
standard LED processing.

Results and analysis of optical and electrical characterization
including photoluminescence (PL), micro-PL, time-resolved PL and
electroluminescence (EL) together with current-voltage characteristics
are presented to evaluate the device performance. A clear evidence of
non-radiative energy transfer was seen in the carrier dynamics of both
the LED and the nanocrystals when the quantum well — nanocrystals
separation was less than 10nm. Analysis of the results shows that in
order to achieve sufficient for the white LED color conversion, better
surface passivation and nanocrystals with shorter exciton lifetimes and

weaker Auger recombination and needed.
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0. Resumé

Resumé

Denne afhandling praesenterer undersggelser af en ny type hvid lys
emitterende diode (LED), bestdende af en GaN/InGaN LED og et lag
med halvleder nanokrystaller til farvekonvertering. Modsat normale
hvide LED er er komponenterne lavet til at opnda en effektiv
farvekonvertering ved hjeelp af ikkeradiativ energioverfarsel mellem
den primeare LED lyskilde og nanokrystallerne.

LED strukturer med sub-10nm afstand mellem kvantebrgnde og
overfladen og "hullede” standard LEDer er undersggt for anvendelse i
hybride komponenter, som kraever kort afstand mellem nanokrystallerne
og kvantebrgnden. Udviklingen af fabrikationsprocedurer for de
undersggte hybride komponenter, herunder procestrin for GaN og
indlejring af nanokrystaller praesenteres i afhandlingen, med fokus pa
forskellene fra standard LED fremstilling.

Resultater og analyse af optisk og elektrisk karakterisering herunder
fotoluminescens (PL), mikro-PL, tidsoplgst PL og elektroluminescens
(EL) sammen med strem-spandings karakteristikker er udfert for at
undersgge komponentegenskaberne. Sterkt bevis for ikkeradiativ
energioverfarsel blev fundet i ladningsbeererdynamikken af bade LED
og nanokrystaller nar afstanden mellem kvantebrend og
nanokrystallerne var mindre end 10nm. Analyse af resultaterne viser, at
for at opna tilstreekkelig effektivitet for farvekonvertering til at opna
hvidt lys, skal en bedre overfladepassivering og nanokrystaller med

kortere eksitonlevetid og svagere Auger rekombination anvendes.
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1. Introduction

1. Introduction

A striking progress within the field of light-emitting diodes (LEDS)
has been achieved during the past several decades. LEDs became
powerful and at the same time energy efficient, with a variety of
different emission wavelengths from UV and violet [1], [2] (AlGaN and
InGaN based) to deep red [3], [4], [5] (based on GaP and its ternaries)
single wavelength diodes, as well as multicolor and white LEDs [6], [7].
This technology has developed into solid-state lighting (SSL),
displacing other light sources over time and therefore attracting huge
attention from the customers and producers. The producers were willing
to improve quality of white LEDs and cut its fabrication costs using new
technologies, in order to make LEDs more attractive for the customers.

Even though white LEDs are widely used now, both their high price
and slightly worse color rendering compared to the conventional bulbs
push technology to invent and fabricate better and cheaper devices by
discovering new ways, solutions and materials. Most of currently
available white LEDs are built on InGaN/GaN with adding color
conversion materials such as phosphors [7], [8], allowing to mix violet-
blue color from InGaN and yellow color from phosphor. InGaN is very
important for such applications; it is indeed the only material available
today for short wavelength emission in the visible light spectrum, but
phosphor as the color conversion material can and should be optimized.
White LEDs built on a stack of epitaxially grown InGaN quantum wells
(QWSs) of different indium concentration covering blue, green and

yellow parts of the light spectrum [9], and hybrid devices with
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1. Introduction
nanocrystals (NCs) [10] or polymers [11] as color conversion material
have been reported.

This thesis has been accomplished within the project “Hybrid
Light-emitting Diode Enhanced with Emissive Nanocrystals”. The main
idea of the project is to investigate a new type of white hybrid LED,
which relies on the incorporation of non-radiative energy transfer from
the emissive layer of a semiconductor LED to a layer of highly emissive
nanocrystals in order to obtain broad-spectrum emission and high
emission efficiency, to compare such devices with existing technologies,
and to identify key issues for further development. The first (theoretical)
proposal for hybrid devices was put forward by Agranovich et al. [12],
who calculated the probability of non-radiative resonant energy transfer
(RET) from excitons (or electron-hole pairs) in inorganic quantum wells
(the emissive layers of LEDs) to excitons in organic materials. The
results suggested that this process should be very efficient, provided that
the distance between the two emissive layers was of the order of 10 nm
or less. New technological advances have confirmed Agranovich's
predictions in hybrid devices, where the exciton transfer takes place
from quantum wells of gallium nitride (GaN) based heterostructures
either to organic materials [13] or to inorganic nanocrystals [14], [15].
Most previous experimental work used laser illumination to create
excitons in the quantum well [13], [14] because of the challenge of
establishing electrical contacts to devices with a thin doped layer
between the quantum well and the surface which is necessary for RET
[10]. All of these experiments agreed that RET is much more efficient
than emission—absorption process. However, it is hard to measure the
actual efficiency of RET due to the use of optical pumping of the

device.

16


http://orbit.dtu.dk/en/projects/hybrid-light-emitting-diode-enhanced-with-emissive-nanocrystals(c40dbcab-f66e-480b-b524-3deebab375fa).html
http://orbit.dtu.dk/en/projects/hybrid-light-emitting-diode-enhanced-with-emissive-nanocrystals(c40dbcab-f66e-480b-b524-3deebab375fa).html

1. Introduction

Therefore, the main task of the project is to fabricate white LED,
starting from the blue InGaN LED, establishing a full processing in the
clean room. Next task is to choose the NCs and set up their correct
deposition on top of the wafer followed by full device fabrication and
characterization. Hence, the project was mainly experimental, involving
both fabrication of the devices in the clean room and optical and
electrical characterizations of fabricated devices. Additional modeling
and calculations were also needed to be carried out. A lot of effort was
required in order to achieve good results in device fabrication and
processes optimization since fabrication of 111-V nitrides had not been
established in the Danchip clean room before.

The thesis is split into 7 chapters including introduction and
conclusions but excluding appendices. Chapter 2 contains background
information, covering theoretical details regarding LEDs, their types and
principles of operation. The processing flow and development is
explained in chapter 3, including a detailed look into some processes
such as etching of InGaN material, or forming ohmic contacts to the
device. Chapter 4 is focused on measurement techniques used in this
work. Chapter 5 summarizes the work on the thin cap devices, their
possible applications, advantages and drawbacks. The discussion is
focused on thin cap devices as a platform for white LEDs with
nanocrystals deposited on the surface as a color conversion layer.
Chapter 6 describes the second type of hybrid white LED structure — a
patterned device. A clear evidence of RET is observed, disadvantages of
such design are also discussed. In the Chapter 7 final results are
concluded and an outlook for further work is enclosed. The Appendices
contain information about details of processing. Full fabrication process
is presented in Appendix A and recipes for dry etching are shown in

Appendix B. Theoretical simulations of an effect of thin GaN cap layer

17



1. Introduction
samples on recombination of electron-hole pairs in high indium content
QW are presented in Appendix C.

A list of used abbreviations and the bibliography can be found after

the appendices.
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2. Theoretical background

2. Theoretical background

This chapter introduces the concept of the solid state lighting (SSL)
and a current status of a white LED (WLED) development, explaining
why SSL should be further developed. Presented is a short history of
LEDs, their current performance and materials used for their fabrication.
Sections describing hybrid LED based on a non-radiative resonant
energy transfer (RET) from the QWs to the colloidal quantum dots
(QDs), also called nanocrystals (NCs), as well as their characteristics are
included. The last section is devoted to the white light, its quality and

color temperature.
2.1 Types of lighting. History of LEDs.

The mankind has always needed lighting. Incandescence,
fluorescence and solid-state lighting (SSL) based on light-emitting
diodes (LEDs) (Figure 2.1) are the three main electrically driven

lighting devices being used in our life.
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2. Theoretical background

Incandescent Fluorescent LED

: \ 4
100.000 hours

1.500-2.000 hours 10.000-20.000 hours (up to 300.000 hours
was informed)

Figure 2.1. Main electrically driven lighting options.

Incandescent lamp was invented in XIX century and with time it
became the most popular light source. Here electricity was acting as a
fuel to heat a metal wire with further emission of broadband blackbody
light. Incandescent bulbs are not very efficient due to their very
broadband emission: about 95% of energy supplied to the lamp is
wasted for heating. However, the incandescent light is the closest to the
sun light spectrum among all artificial lights so far, as the highest
temperature of the light is of the order of 2000 K. Another technology,
fluorescence light sources, uses the electricity as a fuel to excite (but not
heat) a low-pressure gas with further narrowband atomic-line emission.
Light can be emitted either directly from the electrical injection or
indirectly, by absorption in fluorescent materials and re-emitted at
longer wavelengths. Due to its narrowband emission concentrated in the
visible part of the spectrum, the efficiency of such lamps is much higher
than for usual incandescent bulbs. The drawbacks of this technology
are: visual flickering, long startup time, and use of mercury and other
ecologically unfriendly materials. Moreover, the color rendering is quite
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limited because of the narrowband emission, which also restricts

application areas.
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Figure 2.2. Timeline of development of luminous efficiency of visible-
spectrum LEDs and other light sources (from [17])

The last and the newest technology is SSL based on inorganic or

organic LEDs (OLEDs). In LEDs, electricity is used to inject electrons

and holes into the active semiconductor material. Due to radiative

recombination, light is emitted in a narrow band, allowing higher

efficiencies compared to conventional bulbs. However, narrow-band

emission does not lead to a good color rendering of the light source. The

history of diodes starts from 1907, when the very first device was

accidentally fabricated from SiC by Henry Round and immediately

reported to the journal “Electrical World” [16]. Not much work has been

done until 1960, but since then the LED technology arose with full

power. Research efforts started to bring good results and involved more
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2. Theoretical background
and more materials, starting from GaAsP, GaP, GaAs, AlGaAs, and
then moving to InGaN, GalnP based LEDs (Figure 2.2).

The light industry has rapidly developed after this huge jump
occurred about half a century ago. LED technology came to the market
but is still being developed to improve quality of devices. LED devices
are very small, bright and efficient, environmentally friendly, and are
becoming cheaper and cheaper. A lot of effort is still directed into
improving the light quality and efficiency as well as lowering the price
of diodes. Wide band-gap I11-N semiconductors such as GaN, InN, AIN,
as well as their ternary and quaternary alloys, have proven to be of the
best choice for optoelectronic devices working in UV and blue range
and have a potential to reach IR range. The main feature of IlI-V
nitrides is their use as blue LEDs, and it explains why they became such
interesting and desirable materials. Good quality WLEDs are impossible
without blue part of spectrum. Moreover, 111-V nitrides differ from other
semiconductors by their stronger bonding energies and higher chemical
and electrical stability, which allows longer lifetime and higher
operating temperatures. Nitrides gave rise to highly efficient LEDs of
different colors, including white LEDs [6], [7], [8], [18], [19], [20] as
well as UV to green lasers [21], [22], [23], [24]. They are now
commonly used in various applications - not only in the architecture or
as a light source in premises but also as backlights for flat-screen
televisions and monitors, and even as Christmas lights. Modern
smartphones and tablet computers employ LEDs as back lights, as
indicator lights, and as flash lights for cameras. Arrays of LEDs are used
in high-power lighting applications such as in car headlights and

indicator lights, and many others.
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2.2 White LEDs based on InGaN/GaN blue

LEDs

Currently about ~30% of all primary energy is used for generation
of electricity, and ~20% of all electricity is used for lighting, mostly
white lighting. Hence, around one-fifteenth of all energy is used for
lighting [25]. If efficiency of lighting was at least doubled compared to
the current level, for example by replacing conventional incandescent
bulbs with LEDs, it would lead to a 10% decrease of the total energy
consumption. It is predicted to be about 1.8 TW-hr/year, or $120 B/year,
by the year 2025. Over 250 GW of electric generating capacity can be
applied towards other uses, saving about $100 B in construction costs. It
will also reduce global carbon emissions predicted by year 2025 by
about 300 Mtons/year [25]. Therefore, this topic is very important.

Recognition of these figures has triggered the European Union to
request the phasing out of inefficient incandescent lamps beginning
from September 1% 2009 [26].The market for energy-efficient lighting is
dominated by fluorescent lamps due to their relatively low prices,
despite their two primary drawbacks: their use of toxic materials and
their physiologically unnatural color spectrum (in comparison with that
of black body radiation such as sunlight). In contrast, SSL based on
LEDs can approximate almost any desired color spectrum, making it a
powerful lighting paradigm [27]. There is also less of a problem when it
comes to the energy-efficient lighting disposal because expected their
lifetime is very long (targeting 300.000 h) and they do not contain toxic
materials. Although SSL is the main reason behind LED research and
development, it is only one out of many important applications that

would benefit from the availability of cheap, bright LEDs. Other
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examples include application in medical and sensing instrumentation,
water sanitation for developing countries [27], etc.

The performance of currently available LEDs depends strongly on
their emission wavelength [28], which is related to the material that is
used to make them. There is a lack of materials with efficient emission
in the green color range, where the sensitivity of the eye is the highest
(Figure 2.3), limiting the available choices of practical SSL to systems
that incorporate phosphor-based color conversion [28]. In such systems
the LED light is absorbed by the phosphors which reemit the light in a
broad range of wavelengths. While the search for materials that emit in
the missing color range continues, new hybrid LEDs are being studied

to find ways to provide efficient color conversion.

High-power (= 1 Watt input) visible-spectrum LEDs

InGa, N (AL Ga, ) 55Ing 45P

70%
60%
50% A " *
40% A
30% ‘. »

20% -

External quantum efficiency, 7,,,

10% ?
T,=25°C

0% T

350 450 550 650
Peak wavelength, 4, (nm)
Figure 2.3. External quantum efficiencies for high-power visible-spectrum

LEDs, operating at room temperature, assembled in 2007. V (1) is the luminous
eye response curve from CIE. Dashed lines are guides to the eye (from [29]).
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Two more types of white LEDs currently available on the market
are: three individual red-green-blue (RGB) diodes, and stacked QWs.
RGB diodes are packed in the same enclosure to produce white light by
mixing three colors. Stacked QW WLEDs are based on epitaxially
grown QWSs emitting at different wavelengths such that due to the
mixing of these colors white light is produced.

Each of these above mentioned structures has its own advantages
and disadvantages. Devices based on phosphor light-conversion material
are the most available and cheapest, therefore most applicable for home
use. Commercial white LEDs are mostly constructed from QW diodes
with the layer of phosphors as a color converting material on top [7],
[8], [30]. Main issues known for phosphor-based white LEDs can be
described as follows. There are only a limited number of phosphor
materials absorbing light at the blue LED emission wavelength and
emitting in full wavelength range, however, we are witnessing a huge
development of new phosphor materials with improved efficiency, and
discovery of new materials emitting in all green-to-red spectrum range
in order to achieve the best possible color rendering of the white LED.
The goal is to achieve the emission spectrum composed of the emission
of blue LED and phosphors that would lead to a pure white light
emission with a specific color rendering and color temperature.

The main advantages of phosphor-based white LEDs are as

follows:

- The excitation spectrum of phosphor materials shows rather
good overlap with the primary LED and large absorption strength,
resulting in good energy efficiency of WLED, however having better

absorption in UV spectrum.
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- Emission spectrum, excitation spectrum and quantum
efficiency that remain unchanged at elevated temperatures (using proper
phosphor material).

- The quantum efficiency of the yellow phosphors is
approaching unity, thus maximizing the overall electrical-to-optical
conversion efficiency of the entire LED-phosphor package, however,
conversion efficiencies of other color-emitting phosphors especially the
one, responsible for red light generation, are not high enough [31].

- Absence of emission saturation at high fluxes for the
phosphor, thus for the WLED.

The efficiency of phosphor converted LEDs expressed in units of
lumens per Watt, is better than of the RGB diodes. Color temperature
can be tuned with a phosphor composition. Additionally, the blue diode
in phosphor-based LEDs is so stable that while the temperature of the
die increases the diode doesn’t lose much efficiency. In contrast, RGB
mixed white LEDs show light color dependence on temperature. The
color point is not stable because the red diode used in the chip is very
temperature dependent [32]. When the temperature of the die rises, the
color point of the whole LED will shift towards cyan and the overall
efficacy drops. Another drawback of RGB diodes is a lack of good
quality deep-green LED due to the difficulties with growths of high-

indium content QWs as well as its low efficiencies.

Stacked LEDs face the same problem. High-quality high efficiency
QWs, emitting at different violet-blue, green, and red wavelengths are
very difficult to be grown epitaxially due to the high lattice mismatch of

the component materials (In,Al,Ga)N (Figure 2.4).
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Figure 2.4. Band-gap energy versus lattice constant of 111-V nitride
semiconductors at room temperature [17].

The final choice for WLEDs fabrication technology has not been
made yet, as all three described above WLED (phosphor-based, or
stacked, or RGB) have advantages and disadvantages.

Another technology, which is the subject of this thesis, is a hybrid
white LED based on InGaN QWs and cheap colloidal NCs deposited in
the close proximity to them, where NCs are pumped via non-radiative
RET from the QWSs. This technology is potentially promising from the
point of view of price and efficiency, but needs to be tested and

developed.

2.3 Hybrid white LEDs

Hybrid WLEDs are based on both inorganic QWs and organic
electronic materials, which are easy and cheap to produce. Organic

material emitters such as polymers [33] or colloidal nanocrystals (NCs)
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[15], [34] were considered for hybrid LEDs. The white color is achieved
by mixing blue emission from InGaN QWs and yellow-orange-red
broadband emission from organic materials or semiconductor NCs.
Example of the spectrum looks similar to the one from WLED with
phosphor and is presented in Figure 2.5. By depositing polymers or NCs
emitting in a wide spectrum range good quality of the white light can be
obtained.

| 1
600 700 800

Wavelength A (nm)

1
400 500

Figure 2.5. Spectrum of the hybrid WLED composed of GaN LED and NCs for
color conversion.

The sketch of a hybrid WLED with NCs as an emissive layer is
presented in Figure 2.6. The phosphor-based WLEDs employ optical
absorption of the blue light from the QW with further re-emission by the
phosphor in yellow-red spectrum range, thus the colors of the total light
are mixed and white light can be achieved. In contrast to phosphor-
based WLEDs in hybrid structures non-radiative resonant energy
transfer (RET) is used, as shown in Figure 2.6.
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Figure 2.6. A sketch of the hybrid WLED with nanocrystals as emissive layer.

2.4 Non-radiative resonant energy transfer

Fluorescence resonant energy transfer (FRET) or simply resonant
energy transfer (RET) is a distance dependent non-radiative energy
transfer between two materials which occurs between two dipoles
separated by distances from 1 nm and up to 10 nm. This process was
first established theoretically in 1948 by Forster [35]. This non-radiative
energy transfer appears due to the Coulomb interaction between the
donor and acceptor materials. The effect can be understood as an
emission and absorption of a virtual photon. High efficiency of the non-
radiative energy transfer and was later proven [15], [34], and models of
the process have been developed.

In this work we are going to use InGaN QWs and CdSe/ZnS or
INP/ZnS NCs as the donor and the acceptor, respectively. This process
does not require charge transport. Exciton energy flows from a large
band-gap material (donor) to a nanocrystal with a smaller band-gap
(acceptor), and therefore, energy transfer occurs without emission of a

photon.
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A spectral overlap of a donor emission and an acceptor absorption
spectra for RET to occur is needed. Additionally, the distance between
the donor and acceptor should be small [36], as schematically shown in

Figure 2.7.

(a) Spectral overlap

No RET RET

Donor Acceptor Donor Acceptor
emission absorption  emission absorption

. . Overlap . .

(b) Distance between donor and acceptor

No RET RET
Absorption Emission Absorption Emission
Distance > 10 nm Distance < 10 nm

Figure 2.7. Main conditions required for RET to occur: (a) spectral overlap
between donor emission and acceptor absorption wavelengths and (b) small
distance between the donor and the acceptor.

As mentioned before, the probability of the RET drastically
depends on the distance between the QWSs and the NCs (Figure 2.8) and
is described by the equation (2.1):

R§
R§+RC

Eger = (2-1)

where Eppr is the efficiency of the RET process, Ry is the so-called
Forster radius or critical distance, which is the distance between the

donor and the acceptor at which RET efficiency is 50%. R is the actual
30



2. Theoretical background
separation between the donor and the acceptor and C is the constant.
which varies depending on the dimensionality of the dipoles involved in
RET. 1/R° dependence describes point dipole-to-dipole energy transfer
[36], [37], while layer—to-layer energy transfer depends on the distance
as 1/R® [38], [39]; and transfer between a point dipole and a layer is
described by 1/R* ratio, which was shown to be the case for RET
between InGaN QW and NCs [14], [40], [41].

The critical distance Ry is determined by the following equation:

Ry =[8.79 x 1075 - k% -n~*- Qp - J()]V/€ (2.2)

where k is the orientation factor, which depends on an angle between
the donor and the acceptor and ranges from 0 to 4 (k? =2/3 for
randomly oriented donors and acceptors [42]); n is the refractive index
of the medium; @), is the quantum efficiency of the donor in the absence
of the acceptor. Finally J(4) is the spectral overlap integral (see Figure
2.7 (a)), described by the following equation:

J) =

where F, is the normalized donor emission spectrum, €, is the

[ Fp(Dea(M)A*dA
[Fp(A)da

(2.3
absorption probability of the acceptor, and 4 is the wavelength.

Typical values of R, for the acceptor materials lie in the range from
310 6 nm [42], [43], [44]. Therefore we should expect efficient RET for
<10 nm distances. Figure 2.8 presents a dependence of RET efficiency
versus distance R. Critical distances from 3 to 6 nm are used as an

example.
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Figure 2.8. Efficiency of RET versus distance between the QW and the NCs. Rq
varies from 3 to 6 nm. Constant n equals to 4.
To summarize, the primary conditions for RET to occur are:
- Close proximity of donor (QWSs) and acceptor (NCs),
preferably below 5 nm;
- Good overlap of the emission spectrum of the donor and the
absorption spectrum of the acceptor, which can be controlled in
the system considered in this thesis by choosing NCs with

correct absorption wavelength.

2.5 Colloidal semiconductor quantum dots

The information about nanocrystals as a possible color conversion
medium for RET is presented in this section. The decision to use
colloidal semiconductor quantum dots (QDs) or nanocrystals (NCs) as
acceptor layer for hybrid white LEDs comes from their properties.
Colloidal nanocrystals have been proposed before as a color conversion
medium for white light emitting diodes due to their good quantum yield,
combined with tunability of photoemission covering the green-to-red
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region (520-700nm), and absorption in the blue region of the visible
light spectrum. It has also been proposed that non-radiative exciton
energy transfer between a quantum well (QW) of inorganic
semiconductors and thin layers of highly emissive colloidal nanocrystals
[45] can be promising, as RET should overcome the low absorption
probability of the nanocrystals. Moreover, NCs are favorable due to
their price and non-toxicity.

Colloidal nanocrystals are nanometer sized semiconductor QDs that
are synthesized using colloidal chemistry and processed in a solution
[46]. More information regarding their synthesis can be found elsewhere
[46], [47]. Due to the small size they exhibit a mixture of solid-state and
atomic properties. Optical properties such as wavefunctions overlap,
energy levels, and in turn, emission and absorption wavelengths (which
also means emission color) can be tuned by changing the size of the
NCs in a similar way to the epitaxially grown QDs [48]. NCs are
covered with organic surfactants called ligands (Figure 2.9). Ligands
play a key role in determining the size and a shape of NCs during the
growth and stabilize NCs after the synthesis. Presence of ligands makes
it possible to avoid clustering of NCs [47]. In general, the fact that NCs
are fabricated using simple chemistry, precise control of the NC size can
be achieved, and their low fabrication price makes NCs very
competitive and attractive on the market for different applications.

Commercial NCs from the NN-labs were used for the experiments
performed during this PhD work [49]. Detailed description of the
fabrication methods can be found in the publications from NN-labs [50],
[51].

Both NCs InP/ZnS and CdSe/ZnS can be used in white light-
emitting diodes as color conversion materials employing RET from the

QWs as an energy source. While CdSe and PbSe based NCs show good
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carrier dynamics properties and high efficiencies [52], [53], fabrication

of InP NCs is not fully established. On the other hand, toxicity of CdSe

NCs limits their application areas, so there is a huge interest of less toxic

and more “green” InP colloidal QDs.

Figure 2.9. A schematic picture of a InP/ZnS (CdSe/ZnS) core-shell colloidal
QD with ligands.
Both InP/ZnS and CdSe/ZnS NCs were used in the experiments
described in this thesis. Several different sized NCs in a solution (Figure
2.10) were measured in order to vary emitter colors and to select the

best option for high quality white LED fabrication.
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Figure 2.10. Example of different emission wavelengths CdSe/ZnS
colloidal QDs in solution.

2.6 Quality of the white light, CRI index and
CCT

There are number of different white light LEDs on the market with
different parameters such as color quality and lifetime. The term lifetime
is self-explanatory: it refers to the work time of the device when it still
emits light with the declared parameters. The term "color quality" needs
to be explained further. Main two parameters of light are: color
correlated temperature and color rendering index.

Color correlated temperature (CCT) is a characteristic of a visible
light that has important applications in lighting, photography,
videography, publishing, manufacturing, astrophysics and other fields.
The color temperature of a light source is the temperature of an ideal

black-body radiator that radiates light of comparable hue to that of the
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considered light source. Color temperature is conventionally stated in
the unit of absolute temperature. Color temperatures over 5,000 K are
called cold colors (bluish white), while lower color temperatures

(2,700-3,000 K) are called warm colors (yellowish white through red)

[54]. Figure 2.11 shows examples of warm, cold and neutral white light.
“Pure” white
(6000K)

Cool white
(6500K)
- -

Figure 2.11. Example of white color temperature.

Warm white
(3000K)

CCT doesn’t define how the light source renders colors, and lights
with the same CCT may have different CRI. Color temperature refers
only to the points on the Planckian locus, while color correlated
temperature refers to any light source and the lines that cross Planckian
locus show there light sources of given CCT. Different CTs on a
Planckian locus line on the chromaticity diagram are shown in Figure
2.12. Planckian locus line defines different color temperatures of the
black body radiator, changing from deep red to blue for low and high

CCTs, respectively.
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Figure 2.12. Chromaticity diagram presenting Planckian locus with color
temperatures. X and Y are chromaticity coordinates.

Color rendering index (CRI) has a value in the range from 0 to 100.
It measures how well the colors of objects under illumination are
reproduced with the tested light source compared with an ideal light
source. Sun light is an ideal light source; incandescent lamps are used
sometimes as ideal light source having their CRI rating of 100.

For establishing the CRI of the light source 8 main colors and 6
additional are used. These are not saturated colors (Figure 2.13). They
are placed under the illumination with the tested light and the difference
between their real colors and perceived ones is calculated. This value

called R,. The best result is 100 and it is achieved when there is no
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difference between perceived and real colors, the smaller R, value (the
bigger difference) leads to the worse color rendering. For precise CRI
index evaluation both tested and reference light should be of the same

color correlated temperature.

Figure 2.13. Test colors used for CRI calculations.

However, CRI is not the best system to define quality of light; if
CRI is below 90 it is possible to get the same CRI from two sources
which render colors differently. In contrast, two sources with slightly
different CRI (by up to 5 points) may render colors almost identically.

However, it is not the best system for WLEDs color rendering
either. Although it works rather well for phosphor-based white LEDs,
measuring CRI of around 70 — 90, it becomes a problem for RGB or
stacked LEDs. Because of their sharp emission peaks they get only CRI
of 25-30, at the same time showing good performance and rendering
colors close to phosphor containing LEDs according to the human eye.

Despite its numerous drawbacks and a clear lack of sense for some

WLED characterization, the CRI system is the only one officially used.
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3. Processing in the clean room

Processing of the white LEDs used for the experiments is presented
in this chapter. Fabrication process overview is given in section 3.1.
More detailed description of the process flow and processes
development is further discussed in sections 3.2 and 3.3. Section 3.4
concludes this chapter.

Standard bright LED wafers were obtained from the Prof. N. Wang
from University of Bath, UK. Device fabrication was held in Danchip
clean room facilities at Technical University of Denmark (DTU) in
Lyngby. As fabrication of Il1-nitrides was not developed in the Danchip
before the start of this project, most of the processes described here had

to be established as a part of this work.

3.1 Process overview

The process starts from the design of the wafer structure and the
device layout, the latter being then translated into a mask. Detailed
description of the structure of devices used in the thesis will be shown in
the corresponding chapters for the thin cap and patterned LEDs, in
sections 5.1 and 6.1, respectively. It flows for both types of devices are
identical except for the absence of the patterning step for thin cap LEDs.
Short description of the processing flow for fabrication of patterned
LEDs is presented in this section, while the detailed step-by-step recipe

is described in Appendix A.
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3. Processing in the clean room

Figure 3.2 shows a sketch (not up to scale) of the final LED after

the clean room fabrication, with the top view on the left hand side and a

side view on the right one. The holes in different patterns were of

different sizes: with diameters from 800 nm to 2 um. The chip after

processing was cut into smaller pieces, containing 8 diodes each as
shown in Figure 3.3. Each cell of 8 LEDs had its own hole size.

Pattern of holes p-contact

n-contact
n-contact

n+ layer

Substrate

Figure 3.3. Cell, containing 8 LEDs with the same diameter of holes in the
pattern; n-type bottom contact is shown in blue, red is used for mesas, and dark
green is used for p-type top contact.
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A fabrication of a hybrid LED consists of 4 main steps: (i) mesa

etching and mesa patterning with holes, (ii) p-type metallization with

annealing, (iii) n-type metallization and (iv) spin-coating of the NCs. It

is performed as follows:

Step 1 — mesa etching and patterning (or just mesa etch for the thin

cap samples). Optical lithography is used and the following processes

are required within this step.

1)

2)

3)

4)

5)

6)
7)

Deposition of hard mask (silicon dioxide SiO,) with total
thickness of 300 nm in a plasma enhanced vapor deposition
(PECVD).

Spin-coating of photoresist AZ5206E on top of the glass mask,
with thickness of 600 nm.

Photolithography exposure and development, the pattern is
transferred to the resist.

Etch of the glass (mask transfer) through the openings in the
resist, using reactive ion etching (RIE) in CHF3/O, plasma.
When the etch is completed, the remaining resist is removed by
placing in an acetone for 10-20 minutes with further rinsing in
running de-ionized (DI) water. This process is critical before
InGaN/GaN etching because any remaining resist on the sample
may cause problems in etching. The sample was placed to the O,
plasma asher to make sure that all the resist was removed.
InGaN/GaN dry etch using conventional RIE or inductively
coupled plasma (ICP) RIE in order to transfer pattern from the
glass hard mask to the sample. This is further discussed with the
etch details and process development in section 3.2.

SiO, wet etch with BHF chemistry to remove the hard mask.
Post-etching treatment of the InGaN/GaN in HCI for an hour.

This is further discussed in the section 3.2.4
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The mesa patterning with the holes was performed first using
electron-beam lithography (EBL), while in the final processing
patterning of the mesa, more expensive but very precise EBL was
substituted with conventional photolithography, and features of 800 nm
in diameter were fabricated. Alternatively, when EBL technique was
used for the patterning, a few extra steps were required between steps 4
and 5 (just after the mesa is defined is a hard mask, but before dry
etching step) to reduce etching damage and perform dry etching when
both mesa and a hole pattern are defined in a SiO, mask.

4.1) Spinning of around 500 nm of ZEP 520A e-beam resist.

4.2) Deposition of thin Al film (20 nm thick) in Wordentec
QCL800 metal evaporator (using thermal evaporation technique). One
cannot use the e-beam evaporated Al as a charge dissipation layer
because the X-ray produced by the 8kV or 10kV electron beam will
expose the E-beam resist. This thin metal layer is needed for the
reduction of electrostatic charging of the substrate surface (non-
conductive resist and glass) in the EBL system during alignment.

4.3) Pattern writing using a 100 kV e-beam lithography system
JEOL JBX-9300FS or JEOL FS9500.

4.4) Removal of the Al film by dipping a sample in MF-322 for
around 50 seconds with further rinsing it in a DI water bath and drying
with nitrogen (N,).

4.5) Development in ZED N50 developer by dipping for 2 minutes
with further rinsing with isopropanol (IPA) and N, drying.

4.6) The rest of the E-beam ZEP resist should be removed by
placing the sample for 1-2 hours in 60° C Microposit 1165 Remover.
Low level of ultrasound in the ultrasonic bath makes removal faster.

Higher levels may remove all resist (including exposed).
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4.7) The etch of the glass (mask transfer) through the openings in
resist, in reactive ion etcher (RIE) Plassys using freon/oxygen
(CHF3/Oy) plasma. The resist has to be removed after the etch is
finished.

Step 2 — p-type contact metallization.

1) 700 nm thick LORS5B lift-off resist spin-coating, followed by
600 nm AZ5406E resist spin-coating.

2) Photolithography exposure and development, the pattern is
transferred to the resist.

3) Metal deposition. For p-type contact 15 nm thick Ni and 200
nm thick Au layer NijsAu,g metal combination was deposited
by e-beam evaporation.

4) Lift-off by immersing samples in a warm (60° C) Microposit
1165 Remover in the ultrasonic bath with low level ultrasound.

5) Thermal annealing of contacts in a rapid thermal annealer
(RTA) at 610° C for 30 minutes. Development of good-quality

p-type contacts process is discussed in sub-section 3.3.2

Step 3 — n-type contact metallization.

This step requires the same operations as step 2, except that
different metallization and different process parameters have to be used.
TiAlseTiAuge Mmetal combination was deposited by e-beam
evaporation and annealing was not used.

Step 4 — Deposition of NCs by spin-coating. This allowed uniform
deposition of NCs with layer thickness of 10-12 nm.

There are steps in the presented fabrication flow that are standard
for all 111-V semiconductors in the Danchip clean room. These steps are
not discussed here in details as they were not developed within this
project. However, some procedures in I11-Nitrides fabrication need to be

mentioned in more detail.
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The surfaces and interfaces between the layers are key components
in semiconductor devices. With decrease of the size of the device and
increase of scale of integration as well as operating powers, the quality
and cleanliness of interfaces and surfaces became a very important
factor [55], [56], [57]. Samples have to be cleaned by removing grease,
particles, metal atom contaminations (if any) as well as surfaces oxides.
A sample may be immersed in acetone for 5 minutes for simple cleaning
that removes dirt from the surface. Then it is placed in ethanol for 1
minute to remove the acetone traces, rinsed under running deionised
(DI) water for 1 minute and dried with N2 gas. Ultrasonic bath can be
used to enhance cleaning. HCI and HF acids and piranha can be
employed [58] for more advanced cleaning. A sample has to be
immersed in to the piranha solution for 10 minutes, then rinsed under
running DI water for one minute and dried with N, gas. HCI acid is also
effective in cleaning of metallic contaminations of the surface. HCI can
also be used for removing surface damaged GaN material. All of these
methods can be easily applied to InGaN/AlGaN/GaN-based wafers in
contrast to many other material systems.

The choice of the hard mask for the device patterning also needs to
be mentioned. SiO,, SisN4, hydrogen silsesquioxane (HSQ) and some
other materials can be used as a hard mask. We have chosen SiO, mask
because it is easier to deposit and cheaper than SisNg4, while performs
well as others. HSQ showed very good results, but it was not selected
because this is a negative resist while our structures are easier to
fabricate using positive resist.

Deposition processes of glass and metals, performed in PECVD and
metal evaporators, respectively, do not differ from other materials.

Recipes previously developed in Danchip were successfully used.
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Some of the samples were wire-bonded to the heat-sink carrier as
shown in Figure 3.4. This makes it possible to solder wires (not shown
in figure) to the carrier rather than to the InGaN chip for the electrical

measurements.

Figure 3.4. Wire-bonding of the InGaN LED chip to the carrier.

3.2 GaN/InGaN etching

Dry and wet etch have some advantages and disadvantages when
used for the GaN-related materials. Wet etching is potentially very
selective, causes isotropic etching without sub-surface damage and
surface roughness. It is cheap, but at the same time its hazardous waste
must be handled. GaN and InGaN materials are very resistant to etching
by wet chemistries due to their high bond strengths and excellent
chemical stability. Therefore a significant amount of work has been
applied to establish dry etching [54-56] in Danchip as a patterning
technique for GaN and related materials.
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3. Processing in the clean room

Dry etching gives good dimension and profile control, and high
etching rates for I11-Nitrides. Unfortunately, during the dry etch (for ion
energies > 60 eV) the surface is ion damaged. There is high possibility
of implantation of for example hydrogen. Hazardous gases have to be
used, therefore it is a dangerous and very expensive technique. Dry
etching has lower selectivity, may cause resist erosion, and mask
undercut.

Dry etching is a powerful tool for mesas definition, but control of
surface morphology as well as reducing plasma-induced damage is a
challenge. High bond energies of GaN related materials compared to
other semiconductors make this task even harder. GaN has a bond
energy of 8.92eV/atom, InN 7.72eV/atom, AIN 11.52 eV/atom,
compared for example to the bond energy for GaAs of 6.52 eV/atom. As
dry etching causes damage to the sample due to the ions bombarding its

surface, post-etching treatment is needed.

3.2.1 Reactive lon Etching (RIE)

Standard reactive ion etching (RIE) technique was used for SiO; as
well as initially for InGaN/GaN etching. A schematic diagram showing
a RIE chamber and basic principles of etching is shown in Figure 3.5
and 3.6. Both chemical and physical etching mechanisms are utilized in
RIE to accomplish good anisotropic profiles without any undercut, with
fast etch rates, and dimensional control.

The physical mechanism, sputtering, arises due to the acceleration
of ions in the plasma which strike the sample surface with energies of
about a few hundred eV. High ion concentration and energy is needed
for an efficient process. The fact that etching takes place at low

pressures makes it possible to achieve anisotropic etch profile due to the
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3. Processing in the clean room

vertical ion fluxes as the mean free path of ions is increased and their
scattering caused by collisions is reduced. However, pure sputtering
may cause trenching at bottoms of sidewalls, redeposition of photoresist
and other materials, charging and ion path distortion. One should also
remember that using a high ion energy for improving the etch rate will
result in significant surface damage degrading both optical and electrical
properties of device.

The chemical part of the etching process takes place due to the
formation of reactive species (radicals). They react with atoms on the
surface, whose bonds are broken by ions. Volatile products are created
and desorbed from the surface. In this case, the etching is governed by
the radical diffusion, and the etch rates in vertical and lateral directions
become similar. This leads to an isotropic etch. At the same time, use of
the low-energy ions helps to avoid surface damage. Therefore, it is very
important to combine physical and chemical etch mechanisms in order
to get minimal surface damage, good surface morphology at reasonable
etch rates.
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Figure 3.5. A schematic of simple RIE. Plasma is created in the chamber
between electrodes by applying a strong RF field.
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Figure 3.6. Processes during etch in RIE. The plasma provides accelerated ions
that bombard the surface and destroy atom bonds, as well as radicals that react
with byproducts. lons are shown as "+" and radicals as "R" in the figure.
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3. Processing in the clean room

The RIE used in this work is produced by Plassys. Its reactor is
made of aluminum, the chamber volume equals 8550 cm®. The sample
is placed on the fused silica substrate on top of the bottom (lower)
electrode. The radio-frequency (RF) power with frequency of 13.56
MHz is applied between two parallel electrodes (upper and lower one).
Plasma is formed between two parallel plates with bottom electrode
powered and top one grounded. The maximum power of this RIE is
limited to 100W. lons are accelerated perpendicular to the chamber
surface and strike the sample vertically. The absence of a vacuum load
lock prohibits the use of toxic chlorine-containing gases, which are the
most efficient for Ill-nitrides etch. This machine has a laser
reflectometer installed, which allows monitoring the etch depth by the
user in real time, thus it is precise.

Glass etch procedures are well-established in the Danchip clean
room. Therefore, we will concentrate on nitrides dry etch as it had never
been introduced in this clean room before. Table 3.1 presents boiling
points of possible etch products of InGaN and possible gasses used for
etching [62]. It is expected that GaN and related alloys can be etched in
chlorinated chemistries (with ion assistance for In-containing alloys), I,
Br, chemistries (with ion assistance to remove InBr3), or CHi/H,. A
CH4/H, combination was used to etch InGaN/GaN samples because
chlorinated chemistries [63] were not available in RIE Plassys. Despite
the lower etch rate in CH4/H, chemistry, good surface morphology can
be achieved as well as more precise control of the etch rate for shallow
etched structures. Most of the work for the process development and
optimization has been done by Maxim Cremel, a Master student
specifically appointed for this project under my supervision.

Because of the carbonated polymer creation on all surfaces when

using CH4/H; chemistry [64], [65], one has to use a cyclic etch program
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3. Processing in the clean room
in RIE: consisting of CH4/H, sample etch, followed by O, step to
remove the polymer layer. During the CH,4/H, etch cycle the polymer
creation competes with the actual sample etch, slowing it down. Pattern
transfer issues can also be caused by polymer creation. However,
deposition of a polymer layer on the sidewalls is beneficial because it
contributes to highly anisotropic etching in CH4/H, based discharges
[65], [66]. Duration times of these processes should be optimized in
order to make the etching process as efficient as possible. By making
the etch cycle too long one may in fact reduce the etch rate and then
finally stop it when too much polymer will block etching process. Too
little time for etch and too long O, cycle also makes RIE etch slower.
Therefore, the optimum balance had to be determined. 2 min CH4/H,
step length and 1.5 min O, step were found to be the optimum. Note that

the etch rate also depends on a CH4/H, ratio.

Table 3.1. Boiling points of some possible 111-V etch products.

Species Boiling point Species Boiling point (°C)
°C)
GaCl, 201 NCl; <71
GaBr; 279 NF; -129
Gals sub-345 NH; -33
(CH3)sGa 55.7 N, -196
(CH3)3N 2.9
InCl3 600
InBr3 >600 PCl; 76
Inls 210 PBr; 106
(CHg)sln 134 PH; -88
AICl; 183 AsCl 130
AlBr; 263 AsBr; 221
Allg 191 AsH; -55
(CH3)5Al 126 AsF; -63
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3. Processing in the clean room

To make etching process reproducible even for low etch depths (i.e.
for low number of etching cycles) the chamber has to be in the same
conditions, including the coating of its walls before each etching
procedure. However, a polymer layer is created on a sample as well as
on chamber walls during the CH,/H, based etch. Hence, GaN etch rate is
going to be different during first and last cycles unless the chamber is
preconditioned before the etching starts. Without the preconditioning
the polymer layer needs some time to cover the walls of the chamber,
thus etch rate will not be stable. This can be avoided by chamber
preconditioning must be performed before etching. It has been found
experimentally that 10 minutes preconditioning is enough for the
process (recipes can be found in Appendix B).

By placing an InP carrier wafer underneath the sample, a higher
etch rate with lower surface damage is achieved. This is due to the fact
that the InP can decrease the amount of radicals, while leaving an
amount of ions at the same level, thus reducing polymer formation.

The control of the etch is a difficult procedure mostly because one
does not have direct influence on some critical parameters of the process
such as energy and directionality of ions striking the sample (which
depends on DC bias voltage), density of etchant on the surface, and
velocity of desorption of volatile products from the sample's surface.

RIE Plassys allows control of several parameters such as: (i)
composition of gasses and their flows, (ii) chamber pressure and (iii) RF
power. In what follows we describe the influence of these controllable
parameters on etch characteristics. Note that these controlling
parameters of RIE Plassys may influence several critical process
parameters simultaneously and in the opposite manner.

We started by varying the composition of gasses. Flows of gasses

were chosen such that the total flow of CH4 and H, is equal to 40 sccm
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3. Processing in the clean room
(standard cubic centimeter per minute). Additionally, the CH,4 flow in
this machine is limited to 10 sccm. As a start point, pressure and RF
power values of 80 mTorr and 90 W, respectively, were taken because
etching with these parameters showed previously good results [67]. DC
bias value during the process was around 525 V. GaN etch rates versus
CH,/H, ratio are presented in Figure 3.7. It is seen that etch rate
increases with increase of the ratio until it saturates around 0.2-0.25, and
then it decreases. Further increase of the CH, percentage in the
chemistry increases the polymer deposition which quenches etch rate.

However, low ratios cause larger wafer roughness.

4,5

t @ 80 mTorr, RF=90 W

2 40r _/'\- T
S r /
= Ll : \ _
< L
£ 30l / ]
6 I |
T 25r b
% -
O 20+ B

1’5 " 1 " 1 " 1 "

0,0 0,1 0,2 0,3 04

CHA4/H2 ratio

Figure 3.7. Etch rate versus CH,4/H, ratio
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3. Processing in the clean room
AFM scans representing surface roughness for 0.2 and 0.05 ratios
are shown in Figure 3.8. As expected at low amounts of CH, the surface

is more rough and damaged.
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Figure 3.8. AFM scans of GaN surfaces etched with 0.2 (a) and 0.05 (b) CH,/H,
ratios.

Etch rate versus RF power is shown in Figure 3.9. The same
pressure value of 80 mTorr was used and CH,/H; ratio was chosen to be
0.2. Higher RF power increases the density of the plasma, i.e. density of
ions and reactive species (radicals). The energy of the ions as well as
their directionality is also getting enhanced at larger RF powers [68].
Thus more physical etch takes place at high powers. Removal of
unwanted byproducts can be enhanced by the ions sputtering them away
[69]. However, larger RF power, i.e. larger ion energies are going to

lead to higher surface damage of the wafer.

54



3. Processing in the clean room

@ 80 mTorr, CH4/H2 = 0,2

6 —

GaN etch rate (nm/min)

3t /' .

2 1 1 1 1 1 1
50 60 70 80 90 100

RF power (W)

Figure 3.9. Etch rate versus RF power

AFM scans representing surface roughness for RF powers of 60 and
90 W are shown in Figure 3.10. Lower power gives perfect surface
morphology after the etch process, although, results from higher power
of 90 W are also acceptable. As one can see the increase of RF power
does not cause that much surface damage and morphology as the poor
choice of CH,/H; ratio does. This can be explained by the fact that
increase of RF power increases amount of both ions and etchants, i.e.
physical and chemical etch components, keeping the required balance
between them for GaN etching.
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Figure 3.10. AFM scans of GaN surfaces etched with RF power of 90 W (a) and
60W (b) at CH4/H, ratio of 0.2
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A dependence of the DC bias on RF power is shown in Figure 3.11.
The plasma is more charged at higher RF power. Due to the lower
electrode (cathode) auto-polarization to a higher potential in order to
equalize charges, DC bias increases. As DC bias voltage affects energy
of ions and depends not only on a RF power, it needs to be controlled

for a good etch results.
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Figure 3.11. DC bias voltage versus RF power. Pressure is 80 mTorr, CH4/H,
ratio - 0.2.

DC bias voltage does not only depend on RF power. It mainly
depends on the reactor dimensions, i.e. areas of electrodes, which is a
characteristic of the machine and does not change from run to run.
Gasses and their flows also affect the DC bias but we want to control
these values independently due to their high importance for good
etching and strong relation to the surface damage. Finally, RF power
and pressure affect the DC bias voltage, too. DC bias versus pressure
using different powers is presented in Figure 3.12. The pressure was
varied between 30 and 80 mTorr, with constant CH,/H, ratio of 0.2, at
three different powers: 50, 70 and 90 W.
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Figure 3.12. DC bias voltage versus pressure at powers of 50, 70 and 90 W
shown as black, red and blue lines, respectively.

The pressure of the plasma can influence the composition of gases
in the chamber (because gasses have different pumping efficiencies) and
the density of reactive species. The directionality and the power of ions
is definitely affected by pressure [68]. There are more possibilities for
collision of ions with other molecules at higher pressures, therefore the
energy and directionality of ions is getting lower. After such collisions
new free electrons and positive ions are generated, thus higher pressure
will lead to the increase of the number of free electrons, hence DC bias
voltage gets more negative. On the other hand, higher power increases
the density of reactive species, thus decreasing the mean free path of
ions before they hit the surface, and promoting chemical etch rather than
physical. This will decrease the electron energy, which inhibits the
formation of new electron-positive ion pairs and decreases the number
of free electrons and ions. These two effects counteract each other. But
at higher pressures as electrons have more collisions and lose their
energy which will also affect DC bias voltage. As a result, the DC bias
decreases almost linearly, while pressure rises at all shown powers

(Figure 3.12).
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3. Processing in the clean room

It was also demonstrated that at low pressures (tens of mTorr)
energies of ions incident at large angles decrease rapidly with the angle,
while for high pressures (hundreds of mTorr) such energies are angle
independent [68]. Therefore, etch anisotropy depends on the chamber
pressure, which should be kept in the range of tens of mTorr to prevent

isotropy processes.
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Figure 3.13. GaN etch rate (black line with squares) and RF power (red line
with circles) needed to keep DC bias at ~520 V versus pressure.

Figure 3.13 shows GaN etch rate and RF power versus pressure.
Reason for this RF power dependence is due to our aim to keep the DC
bias voltage constant at around 520 V. As the figure shows, increase of
the pressure leads to higher etch rates. It is mostly due to higher amount
of reactive species at higher pressures which promotes chemical etch.
lon flux also gets higher with the increase of RF power and increased
pressure, when DC bias stays constant (when power increases, voltage is
constant, current also increases P=UI).

An etching procedure was developed that would provide good
surface morphology and low surface damage, but, with a very low etch
rate of 6-7 nm/min. The main reason of such low rates is a limited RF

power (to 100 W) in this machine in contrast to other RIE machines
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3. Processing in the clean room
where good etch results with fast etch rate of 90 nm/min at 300 W were
reported [67]. Nevertheless, a low etch rate is outweighed by good
surface morphology that has been achieved. The best results can be
obtained using CH4/H; ratio of 0.2-0.25, flow rates of CH, of 8-10 sccm
(where 10 is the maximum, limited by the machine). The power of 90 W
rather than 100 W was considered to be used in future, because machine
manufacturers do not recommend to use RIE at the highest power.
Lowering of the power leads to better surface morphology (which is
though acceptable at 90 W, see Figure 3.10) but worse anisotropy.
Working pressure is suggested to be 80 mTorr in order to enhance
chemical etching and to be sure that the amount of radicals is enough to
remove volatile products from the surface and to increase the etch rate.
However, this such pressure value gives good results together with high
RF powers. In case of using lower RF powers pressure has to be reduced
to get decent anisotropy and etch rates. The final recipe for this process

is shown in Appendix B.

3.2.2 Inductively coupled plasma (ICP) RIE

In contrast to the conventional RIE, inductively coupled plasma
RIE (ICP RIE) is a high-density plasma system. Having a plasma
density few orders of magnitude higher than in RIE results in lowering
the surface damage because ion energies can be lower for the same etch
rate due to the increase of their density. Figure 3.14 presents a simple
sketch of an ICP RIE. ICP in contrast to conventional RIE systems has
two independent RF sources. The first one is coupled inductively to the
coil, then the magnetic field produced by coils in the horizontal plane
produces a high-density plasma. The second source is connected to the

lower electrode, where the sample is placed, and is used to create a bias
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needed for acceleration of ionic species from the plasma. The presence
of two independent power sources allows independent control of the
plasma density, i.e. ion and radical densities, and the ion energy, which
allows high etch rates and low surface damage at the same time (not
possible in RIE). The temperature of the chuck can be controlled.
Moreover, due to the low pressures good etch anisotropy can be
obtained despite high plasma density.

A 1lI-V ICP from the STPS company was used for etch. The
machine consists of a load lock and a chamber for the actual etching. A
carousel is used for sample transportation between the load lock and the
etch chamber. RF powers are limited to 1500 W and 600 W for coil and
platen, respectively. Cl, was used as the main etching gas and Ar as an
additive gas. Both CI, and Ar gasses were supplied to the chamber using
independent electronic mass flow controllers (MFCs), providing precise

control of flows.
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Figure 3.14. A simple schematic of an ICP-RIE

When an ICP RIE was installed and was ready to be used in the
Danchip clean room, it was decided to step out from conventional RIE
for GaN etching. Chlorine-based chemistry (Cl, or BCl3) is being used
instead for etch of GaN-related materials in ICP-RIE. According to
literature [70], [71], [72], [73] it should improve etch morphology and
speed to improve the quality of the etched device and save the time
needed for device fabrication.

In the ICP we first need to precondition the chamber to have a

stable etch rate, for the same reasons as for RIE etch. If we do not do it,
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the etch rate at the beginning will be smaller than after some time. For
this purpose a Si carrier wafer with thick layer of SiO, on top was
placed underneath the samples during the etching as well as during the
preconditioning of the chamber. GaN chips were glued with the crystal
bond 555 to the carrier wafer. This allows good temperature control of
the wafer and, thus, reproducible etch rate from run to run.

The recipe for GaN etching was suggested by the STPS engineers,
and after several etches of real samples and slight development it
became the main process. The SEM picture of the result of the 75
second etch is presented in Figure 3.15. The top layer with a thickness
of 221 nm is the SiO, hard mask before it was removed by the HF wet
etch. The details of the gases, their flows and etch rate can be found in
the Appendix B.
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Figure 3.15. SEM image after ICP etch of GaN using SiO; as a hard mask.
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In Figure 3.15 small un-etched islands are visible. This is due to the

"micro-masking" effects of the hard mask, when dielectric is spread

over the semiconductor. This can be avoided by adding H, gas to the
etchant gas [65].

3.2.3 lon Beam Etching (IBE)

The ion beam etching (IBE) is mostly a pure physical dry etch
(sputtering) process. In this process Ar ions are directed onto the surface
as an ion beam with high acceleration voltage of about 1 to 3 keV. lons
strike out the material from the sample with this huge energy. As the
wafer is perpendicular to the ions, etch is anisotropic. It should be noted,
that pure sputtering may cause trenching at bottoms of sidewalls,
redeposition of photoresist and other materials, charging and ion path
distortion. The drawbacks of this type of etching are low selectivity
between materials and high damage of the surface.

Although LED processing was performed in the clean room, one
has to be careful that surface inside holes is clean and nothing else than
NCs is there. In order to achieve this, the processing procedure had one
more alternative - to make etch of the holes as a last step after contacts
deposition to avoid several lithography steps and metal depositions on a
device with the pattern on it. Neither RIE nor ICP available in the
Danchip can be used for the etching of structures with metals on top in
order to keep these machines clean. Therefore it was decided to try
etching in the IBE, where etching of metal-containing structures is
allowed. After several tests etching in IBE didn’t produce any better
results compared to the ICP and we decided to change fabrication
process flow and stick to the process that is described in Appendix A,

with use of RIE and ICP for hard mask and InAlGaN etch, respectively
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3.2.4  Post-etching treatment

Post-etching treatment was done on patterned LED structures.
Description of the sample is shown in section "Device structure and
fabrication” 6.1. In previous sections of this chapter it was already
mentioned that dry etching techniques cause damage to the surface of
the sample, leading to an increase of defect states, resulting in the non-
radiative recombination current leakage, i.e. degrading the optical and
electrical properties of the devices [69], [74]. Electrical measurements
of completed devices verified that LEDs exhibited current leakage
which may have been caused by the plasma-induced surface damage. It
is noticed especially while device operates in the low-current regimes.
As an example 1Vs of two diodes without any treatment after ICP RIE
etching and an 1V of ideal diode are shown in Figure 3.16.
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Figure 3.16. Current leakage in diodes before treatment.

Several ways of removing this plasma-induced damage has been
demonstrated: Cl, plasma treatment [75], [76] or annealing [77], [78]. It
was shown that surface damage produced by chemically assisted ion
beam etching can be cured by a gentle wet etching and chemical

passivation as well. It’s interesting that the wet etching depth is only 5-
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10 nm, which indicates that the damage introduced by the dry etching is
very shallow, allowing it to be effectively removed [74], [79].

We have chosen to try three methods: treatment in HF for 60
minutes, in boiling KOH for 60 minutes and in HCI for 60 minutes. This
wet etch is completely safe for non-damaged GaN materials, because it
removes only damaged surface and can't break the strong GaN bonds.

Results after HF, KOH and HCI post-ICP treatment are presented in

Figure 3.17:
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Figure 3.17. IVs of LEDs after post-1CP treatment in different chemistries.
Untreated sample characteristic is same as in Figure 3.16 and showed as dashed
line.

As it can be seen, both boiling KOH and HCI have removed
damaged material and improved the electrical characteristics, while HF
have showed slightly worse results. As etch in boiling KOH is more
difficult and dangerous to perform and HCI treatment showed best
results, it was decided to use the latter one for device fabrication.

IV of LED after HCI post-etching treatment is shown in Figure
3.18, where the inset in the left corner shows IV in a sub-threshold

regime, where leakage would be most clearly visible.
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Figure 3.18. Diodes IV after HCI post-etching treatment.

3.2.5 Conclusions

In conclusion, in this section GaN/InGaN, GaN/AlIGaN dry etching
was discussed using RIE, ICP RIE as well as IBE techniques. Among
those methods, ICP RIE from SPTS showed the best results: fast etching
with low sample damage. Performance of this instrument allows
achieving good enough wall verticality, and low surface roughness at
high etch rate. lon damage of the sample was successfully removed by
the post-ICP treatment by dipping the sample for 1 hour in 37% HCI.
However, if one needs to use etching of GaN materials in order to
fabricate photonic crystal structures, the etching process in the I11-V ICP

in the Danchip clean room may require further improvement.
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3.3 Contacts to GaN

LEDs have to have good electrical characteristics in order device to
maintain good light emission and be efficient. Voltage has to be applied
to the device using electrical contacts without any losses. Therefore,
ohmic contacts play a critical role especially at high powers. High
contact resistance will lead to the heating of a device and its failure. The
etching damage has been reported to be the main cause of such a
degradation [77]. Several methods used to reduce the influence of the
damage were discussed in sub-section 3.2.4. Some other methods such
as regrowth of p-GaN [80] or p-AlinGaN [81] on etched p-GaN were
also proposed but not possible in Danchip.

GaN material differs from other 111-V materials (such as GaAs and
InP) in that it does not exhibit pinning of the Fermi level. Thus good
ohmic contacts should obey the rule that the metal work functions has to
be similar but a bit less than the electron affinity of the semiconductor.

However, contacts to p-type GaN are not simple to obtain due to
low p-doping levels and high bandgap of GaN. A metal with large work
function is needed as an ohmic contact to the p-type GaN (GaN electron
affinity + the band-gap 4.1+3.4=7.5 eV), while for the n-type contact
metal work function of around 4.1 eV is required.

In following sub-sections contact development to the n- and p-type

GaN is discussed are results are shown.

3.3.1 n-type contact

The electron affinity of the GaN equals to ycan = 4.14 eV. It was
shown that Al, with its work function of @, = 4.08 eV, is more suitable

for n-type contact than for instance gold with @, = 5.1 eV [82]. Gold
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showed rectifying contacts and interface reaction and phase formation
for gold or silver metallization were not observed on GaN. Silver with
its work function of 4.3 eV showed weakly rectifying contacts to n-GaN
[83]. After annealing Au and Ag, they diffused across the surface [83].
Hence, pure Au or Ag cannot be used for stable ohmic contacts. It was
also stressed that cleaning of the GaN surface even not damaged by the
dry etching is very critical for good contacts formation [84].
Contamination can partially pin the Fermi level of GaN. We used GaN
surface cleaning with dipping in the HCI before metals deposition,
which removes native oxides and surface contamination.

We considered several metal composition for n-type contact, based
on the published results. Ti/Al ochmics, annealed at 900°C [75], Cr/Pt/Au
[85], [86], indium tin oxide (ITO) [87], [88], Al/Cr/Au [89], Ti [87], and
Ti/Al/Ti/Au [90], [91] were suggested. Cr/Pt/Au, Ti/Al and Ti/Al/Ti/Au
metal combinations were deposited and samples were measured.

Another way to achieve better Ohmics is to highly dope n-GaN. Si
dopant reacts with metals, creates an n+ surface layer, which makes
tunneling possible, resulting in an ohmic behavior. However, it is not
easy to achieve high (10'°-10%° cm™) doping, and the heat treatment of
the sample at high temperatures may be used as a way to increase it.
With such heating a shallow donor with increased concentration of free
electrons will be established due to the nitrogen vacancies formation
[92], [93].

Although Ti has larger work function (@1 = 4.3 eV) than GaN
electron affinity and contacts based on it should exhibit rectifying
properties, Ti reacts with GaN and TiN is formed. TiN has predicted
work function of 3.74 eV which looks suitable for this material to be

used as an ohmic contact.
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Cr/Pt/Au and Ti/Al metallizations were deposited, results are
shown in Figure 3.19. Both of them showed rectifying behavior, so
Ti/Al/Ti/Au composition for n-type contact was further tested.
According to some authors [90], [91] this metal combination does not

require annealing and shows ohmic behavior.

0,010 . . .
—— Cr/Pt/Au
— Ti/AIS1
0,005 |- Ti/Al S2 g
< [ /
E 0,000 / -
5 ~
O /!
0005 / _
-0,010 S S
-10 5 0 5 10
Voltage (V)

Figure 3.19. IVs for sample with Cr/Pt/Au and 2 samples (S1 and S2) with
Ti/Al contacts.

Ohmic behavior has been indeed achieved by using

TiAlseTiAusge Metal combination without annealing, as shown in
Figure 3.20.
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Figure 3.20. IVs for samples with not annealed Ti/Al/Ti/Au metallization on 5
samples with different contact areas.

3.3.2 p-type contact

In contrast to the metallization for the n-type contact, a metal with
large work function is needed as an ohmic contact to the p-type GaN
(GaN electron affinity + the band-gap 4.1+3.4=7.5 eV), but no metals
have such a high work function. Therefore in order to make ohmic
contacts to p-type GaN one has to use highly dope p-GaN and choose
appropriate metal combination.

Based on literature several metallization has shown better
characteristics. Ti/Mo/Au was used for diodes emitting in violet
spectrum range [94], however they were non-ochmic. Pd/Au contacts
[75] showed good properties, and other options were Ni/In [95], Ni/Au
[95], [96] and Cr/Au [97] metal combinations.

Among these metallization schemes, only some were available in
Danchip and NiAu metal combination was chosen after Cr/Au showed

non-ohmic behavior. As deposited NiAu showed non-ohmic behavior,
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3. Processing in the clean room
therefore annealing was considered. Figure 3.21 presents some of the
annealing parameters tested while the details of annealing temperatures

and times are presented in table 3.2.

Table 3.2. Annealing conditions for samples A, B, C, D, Eand F.

Sample name Annealing conditions

A @ 850°C for 5 minutes

B @ 850°C for 1 minute 20 sec, then 3 min @ 350°C and 1
min @ 850°C

c @ 850°C for 1 minute, then 3 min @ 350°C and 1 min @
850°C

@ 900°C for 5 minutes
E @ 850°C for 30 seconds

@ 610°C for 30 minutes

0,10 . : T : . . : .

A
B
—0cC
005L—— D A
_ E
g F
S 0,00 f——x
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O
0,05 -
'0,10 E 1 s 1 s s 1 L 1 =
1,0 05 0,0 0,5 1,0
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Figure 3.21. Current-voltage characteristics of NiAu contact annealed at
different conditions.

I-V characteristics of the device with contacts annealed at 610°C

were measured in three different points to make sure that results are
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reproducible. Results are presented in Figure 3.22. It is interesting that
low annealing temperature provided better contacts than higher
temperatures of 800-900°C, mentioned in papers as the most suitable

temperatures for p-type contact to GaN [95], [96].

| ——610C-30min 1 |
010r __ 610C-30min 2
. ——610C- 30 min 3
0,05} ]
= 000
o
3
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010 1 ]
10 05 00 05 10
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Figure 3.22. Current-voltage characteristics for the 3 different contact points.

In order to allow contacts use for the wire bonding, a thicker Au
layer (of 200 nm) had to be used compared with the initial value. Thus
the final combination for the p-type contact is NijsAuyg annealed at 610

°C for 30 minutes.

3.3.3 Transmission line measurements

Transmission line measurements (TLM) or transfer length
measurement is a technique used to measure the contact resistance
between metal and semiconductor as well as the sheet resistance of the
semiconductor layer. It relies on 2-terminal resistance measurement of a
series of well defined contact lines with different length between

contacts. As shown in Figure 3.23, the equivalent circuit of the sample
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3. Processing in the clean room
and measurement circuit consists of a probe resistance R,, a probe-to-
metal contact resistance, R, a semiconductor sheet resistance R, and a
metal-to-semiconductor contact resistance R.. A Keithley 4200
semiconductor characterizing system (SCS) was used as a voltage
source and ammeter. One end of the probes is connected to the sample's
contact pad and another is connected to the Keithley. The current flows
from the SCS to the sample and the signal is analyzed also in the
Keithley.

RD
Needle
ch
RCS
Metal /
Semiconductor

current
e

Figure 3.23. A sketch of contact resistance measurement.

The equivalent circuit for the measurement of the contact resistance
is shown in Figure 3.24.
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Figure 3.24. The equivalent circuit for the contact resistance measurement. Ry,
R Res and R represent probe, probe-to-metal contact, metal-to-semiconductor,
and semiconductor sheet resistances, respectively.

Since the resistance of the voltmeter is very large (ideally infinitely
large) compared to the probe resistance and probe-to-metal contact
resistance, R, and R, can be neglected. Thus, total resistance Ry is

expressed as follows:
Rr=2R.+R; ="/, (3.1)

where V is the voltage reading from the voltmeter and I is the current
flowing between the two current-carrying probes.

In order to obtain contact and sheet resistances one needs to
measure a series of contacts separated by various distances. An example
of such a structure is shown in Figure 3.25. The structures used in this
thesis are shown in Figure 3.26. This structure was made in a special
program L-Edit that is used for making a design of a layout of the mask.
Dark green rectangles are the contact pads with the area 50*750 pm?®.
Resistance is measured for each pair of pads, as shown in Figure 3.27,
where distances in the inset correspond to distances shown in Figure

3.25.
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Figure 3.25. A sketch of contact pads for TLM.

Figure 3.26. Real structures, image from L-Edit. Red background shows mesa,
white area is etched away. Contact pads are on p-type GaN.

The measured resistances are then plotted versus separation
distance as shown in Figure 3.28. Black squares, connected with the
black lines are the data from the measurements, red line shows the
fitting and blue line continues the fitting line until intersection with the
Y-axis. According to the equation 3.1 we neglect other resistances
except the contact and sheet resistances. The slope of the line is the
sheet resistance, while the intercept with the Y-axis is doubled value of

the contact resistance.
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Figure 3.27. I-V measurements for the TLM.
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Figure 3.28. TLM for Ni/Au metallization.

The contact resistance R, read from the fitted line equals 1.55 Q
and therefore, the specific contact resistance p. (or R) equals 58 - 1075

Q-cm?. This is rather a high value, however this is most likely due to the
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fact that R, and R, could not be neglected in 2-terminal measurements.
In cases when metal-to-semiconductor contact resistance is rather small,
4-terminal configuration (with four probes) should be used to eliminate
the parasitic resistance induced by the probes and cables (R, and Rgp).
The difference in measurements performed in 2- and 4-terminal
configurations has been shown to be up to 1 order of magnitude [98].
Even the value of R, ~1.55 Q is sufficient for LED measured in this

thesis.

3.3.4 Conclusions

In conclusion, in this section metal combinations for the Ohmic
contacts to both p- and n-type GaN were discussed. Contacts formation
to the GaN material is different from other 111-V materials because
Fermi level pinning doesn’t occur in GaN and only one simple rule has
to be obeyed for the n-type GaN contact in order to have good ohmic
contacts — that metal work function has to be less than electron affinity
of the semiconductor. It is quite easy to do for n-type GaN, where
electron affinity ycan = 4.14 eV, but starts to be difficult for the p-type
material where large working functions of around 7.5 eV are required
due to the GaN band-gap. High doping of p-type GaN is required for the
better contacts. For the n- and p-type contacts metal combinations of
TipAlseTizgAUyg (Not annealed) and NigsAuyg (annealed at 610°C for

30 minutes), respectively were employed.

3.4 Conclusions

This chapter was devoted to the processing of the devices

performed in the Danchip clean room. Full fabrication cycle of the white
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LED was shown. Either photo- or electron beam lithography was used
for sample patterning. A detailed recipe for the diode fabrication is
introduced in the Appendix A. More stress was put on the etching of
InGaN/AIGaN materials, including RIE and ICP RIE techniques.
Etching recipes were established and results showing good control of
the etch depth, surface morphology and verticality of walls were
presented. ICP-induced surface damage was removed with post-etching
treatment by dipping the sample for a hour in a beaker with 37% HCI.
Development of metallization for p- and n-type GaN was described that

lead to ohmic contacts of low contact resistance.
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4. Characterization techniques

4.1 Photoluminescence measurements

Photoluminescence spectroscopy measurement technique is a
widely used contactless, non-destructive characterization tool that
allows probing of the electronic structure of the investigated material,

and is a basic tool to characterize optoelectronic materials.

41.1 PL measurements in the lab

Some part of the PhD was devoted to design and establishment of
the PL measurements setup, which required a lot of time, patience, and
diligence.

Figure 4.1 shows a sketch of a PL setup built during PhD and used
in this thesis for the analysis of the samples. A photo of the PL setup is
presented in Figure 4.2. In order to excite a sample, a blue pulsed laser
diode from PicoQuant emitting at 405 nm as well as a green CW laser
diode were used. Emission energy of the blue laser (3.06 eV) was below
the band-gaps of GaN (3.4 eV) and ZnS shell of the NC (3.54 eV),
allowing carriers injection directly to the InGaN/GaN QW and the InP
(or CdSe) core of the NC for the QWs or NCs analysis, respectively.
The green laser emitting at 532 nm was used for the excitation of only
NCs deposited on the top of the InGaN QWs to examine their
characteristics without an influence of carriers or/and photons from the
underlying QW. An excitation pulse energy density of 20 mJ/cm? of the

blue laser was used for the experiments.
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APD

Spectrometer

Entrance port for the fiber,
" used for the EL measurements
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Filter
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CCD Camera 1 - . s

CCD Camera 2
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Focusing/collective lens

Sample on the movable
sample holder

Figure 4.1. A sketch of the PL setup in the lab. Laser 1 and laser 2 are the lasers
emitting at 532 nm and 405 nm wavelength, respectively. CCD camera 1 is
usual visible camera in order to grab and then transmit image of the sample to
the monitor of the computer. CCD camera 2 is Si-based CCD for visible part of
spectrum. Filter — any filter needed for specific measurement.

Light emission from the sample was focused on an input slit of the
Andor spectrometer and was further guided either to the Andor Si CCD
camera or to the APD. The size of the output slit opening led narrow 6-7

nm wide spectrum band, with the peak emission center set by user and

controlled by the spectrometer, to reach APD.
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Figure 4.2. A PL setup.

For low temperature measurements a cold finger cryostat cooled

with either liquid N or liquid helium was used (Figure 4.3).

- ;- *

Figure 4.3. Cold finger cryostat
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4.1.2 PL-mapper

The main task of a PL-mapper is to acquire a full wafer (up to 6
inches in size) PL map in one measurement within a short time,
obtaining PL data at a grid of points covering the whole wafer with
specified distance between the points on the grid. For this purpose
Rapid Photoluminescence Mapper RPM2000 from Nanometrics, located
in the Danchip clean room, was used.

The PL mapper was equipped with the blue 405 nm and green 532
nm lasers allowing pumping of both the InGaN QWs and NCs (using
blue laser) or selective pumping of the NCs using the green laser.
Excitation laser beams hit the sample surface at an angle in order to
provide spatial filtering of the laser light. The beam is normally focused
to a spot with a diameter of approximately 100 um. The PL produced by
the sample is collected by reflective optics coupled to a 0.3 m
monochromator, providing excellent throughput across the spectral
range. The RPM2000 can also provide true image quality PL mapping at
high spatial and spectral resolutions, exhibiting the ability to examine
hundreds of thousands of points on wafers up to 150 mm in diameter. It
is possible to map with 0.2 mm spatial resolution and such an integrated
map will correspond to over 455,800 points. the acquisition of such a
map takes only 8 minutes [99]. For wafers up to 100 mm in diameter,
spatial resolution is increased to 0.1 mm.

Maps, obtained with the PL mapper can be further analyzed, i.e.
each point of the map contains information about the PL spectrum
which is very useful. However, the PL-mapper is qualitative rather than
the quantitative tool. Using the PL-mapper one should keep in mind
different tunable parameters, such as slit size, laser power, gain, scan
rate which have to be similar if one wants to compare intensities of

different maps. The drawback of this device is that measurements using
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identical parameters are not completely reproducible. It should be noted
however that the differences from run to run are quite small, thus wafers
with large (10% and more) difference in the amount of emitted signal
can be compared. Examples of maps will be shown in sections 5.1 and

6.1 for thin cap and patterned samples, respectively.

41.3 Micro-PL

As our samples are patterned and we are interested in comparison
of PL intensity behavior in different regions: in the patterned region and
far away from it, a good spatial resolution is required. Unfortunately,
PL-mapper with its resolution of 0.1 mm is too far from satisfying our
needs. For better and more precise spatially resolved PL measurements,
a micro-PL setup was used. A simple sketch of the setup is presented in
Figure 4.4. Micro-PL measurements were performed in a collaboration
with Dr. Alex Huck from DTU Physics, using his setup modified to suit
our samples. A pulsed 405 nm laser with train of 70 ps wide pulses was
used for optical pumping. A 420 to 520 nm band pass (BP) filter in front
of the avalanche photodiode was used to separate the QW emission
from the laser and NC signals. For measurements of the NCs a 562 nm
long-pass (LP) filter was used instead. The NCs PL signal was also
measured under a selective, off-resonant excitation of the NCs with a

pulsed 532 nm laser with a pulse width of around 6 ps.
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Figure 4.4. Sketch of the micro-PL setup.

The principle behind a for micro-PL are the same as for macro PL
except that a sample is placed on the movable sample holder, whose
position is changed in a controlled way using piezostages. By
correlating the movement of the stage with the data acquisition, a map
of PL intensities is obtained. An example of such a map with dimension
9 by 9 um is shown in Figure 4.5. The spatial separation between points
in the map is 130 nm. However, it is not the spatial resolution of the
map, because it is also affected by the laser beam size. The laser beam
sizes were approximately 0.8 um and 0.6 um in diameter for the blue
and the green laser, respectively, moreover the beam shape of a blue

excitation was slightly elongated, giving rise to some unwanted signal
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redistribution. The real spatial resolution was thus limited by the
excitation beam sizes rather than the precision in the sample position
change. These facts were taken into account during the analysis of the

signal from these measurements.

flucrescence curve

Figure 4.5. Example of micro-PL map acquired on a patterned LED under
illumination with a 405 nm laser.

4.2 Time-resolved PL

Steady-state PL measurements are simple, fast and do not require
complex setups and expensive equipment, but in fact only limited
information is accessible from simple PL measurements about carrier
dynamics due to the time averaging process. In order to gain
information about carrier dynamics, a time-resolved PL (TRPL) is used.
In this measurement, sample is excited with a pulse of laser light shorter
than the carrier lifetime and the intensity of PL is measured as a

function of time.
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In this thesis TRPL was used to reveal a presence of RET as well as
to characterize device decay time components.

For measuring TRPL time-correlated single photon counting
(TCSPC) technique was used. TCSPC technique has been developed in
late 1960s from measurements of excited nuclear states [100], [101].
Since then, the quality and time resolution was improving and the
technique became widely used. It is based on a repeating of a
registration of single photons, emitted by the sample under pulsed laser

excitation.

Laser repetition rate

Photon

Start [ stop Start Start | t

Arrival time t; Arrival time t,

Figure 4.6. A sketch showing principles of TCSPC method

Fast laser pulses with high repetition rate excite the sample. Light
intensity must be kept quite low so the detection of more than one
photon within the period between laser pulses is very unlikely. It should
be noted, that there are some periods where no photon is detected. When
a photon is detected, its arrival time is measured. In this case the laser
pulse arrival is the time reference and an avalanche photodiode (APD)
or a single photon avalanche diode (SPAD) is used for a signal
detection. A sketch in Figure 4.6 shows schematically when photons are
detected. The measurement is repeated for each incoming laser pulse
until the end of the acquisition (i.e. collection) time, set by the user.

More clear presentation of principles of the TCSPC is presented in
Figure 4.7.
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Figure 4.7. Principles of TCSPC method

All these events are collected and presented as a histogram of the
arrival times in the final diagram. This interval between arrival times is
set as:

1
= oy

where f is the repetition rate of the laser and therefore, measurement

At

(4.1)

period; and r = 4096 is the resolution set on the timing card; The
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interval At used in this thesis was equal to 98 ps. The time resolution of
the experiments can however be limited by the time resolution of the
detector or the pulse width of the laser.

In experiments described in this thesis, samples were excited with
the same laser as for PL data acquisition: PicoQuant pulsed 405 nm
laser diode with 70 ps long train of pulses at repetition rate of 2.5 MHz.
However, for some measurements repetition rates up to 40 MHz were
used. Repetition rate, i.e. time between pulses, was chosen in the way to
allow sample to decay completely before the arrival of the next laser
pulse comes. TCSPC module SPC-130 EM with a Si APD was used as a
photon detector. In experiments presented in this thesis the resolution of
the TRPL setup was limited by the laser pulse width and the APD
response time, which was about 200 ps. The setup used for TRPL

measurements is the same as shown in Figure 4.2.

4.2.1 TRPL data analysis

Carrier dynamics in both InGaN/GaN QW and in NCs (especially
of InP/ZnS) is very complex and not completely understood [78-84]. In
this case of the NCs due to decay of excitations via defect states, carrier
transfer to the shell surfaces, coupling to ligands, the photoluminescence
does not obey simple single-exponent carrier decay dependence which

can be described using following equation:

1(®) = loexp (= /1) (4.2)

where I(t) shows PL intensity dependence with time, I, is the intensity
at time zero, t is corresponding decay time.

However, in real systems, when many possible recombination paths
are possible (e.g. for both InGaN/GaN QWs and NCs at room

temperature (RT) as well as from different states in NCs and QWSs by
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themselves), single-exponential decay law cannot be used and I(t)
should be described by more sophisticated models.

NCs demonstrate carrier decay which is rather difficult to fit with a
single-exponential decay function [109], [110]. It was proposed to fit
such decays using several methods such as log-normal distribution
[111], stretched exponential [112], [113] and multi-exponential decay
[114], [115]. We have chosen for NCs description the latter method,
which gave more precise fitting results. This type of fitting with two or
three exponential decay components is widely-used. Analysis based on
this method gives good fitting results and allows to get insight into an
internal structure of NCs [110], [116]. Care has to be taken when
interpreting the results of multi-exponential fitting, because a presence
of certain decay time component obtained from fittings indicates only a
presence of certain states rather than gives the real values of the
recombination times.

InGaN QWs have exhibit some material properties, such as large
exciton binding energy, large band-gap, and a wurtzite crystal structure
which differentiate them from other semiconductors (such as GaAs or
InP). Carrier dynamics is influenced by factors such as strong
spontaneous polarization [117] and localization states [118]. Generally
InGaN QWs show rather long decay times up to hundred ns [119] and
do not show single-exponential decrease with time. It was proposed to
fit such decays with the stretched exponential model [118], [120], [121],
[122]or multi-exponential model with two [103], [119], [122], [123],
[124], [125] or three exponential fitting [126].

Stretched exponential model is described with the following

equation:

18) = I exp [~(/2)"] (4.3)
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where S is has the value between 0 and 1. Stretched exponentials have
been used to describe carrier dynamics of disordered systems for a long
time. In our case the model didn't fit well the decay at very short delay
times after the laser pulse. Moreover, in the case of RET in hybrid LEDs
with NCs on top another decay component will be added, which can't be
well explained by the stretched exponential model. Therefore it was
decided to proceed with multi-exponential decay models were used

instead. Two-exponential model is described by the following equation:
](t) =4, e(_t/rl) + A, e(_t/rz) (4.4)

where A; and A, are the weights of fitted decay times t; and 7.
However, for some carrier dynamic processes four-exponential
decay models can be used for correct sample analysis, such as for fitting
the PL decay of the thin cap samples. This is described in details in
chapter 5. In such cases some average decay time t,, may be worth

using, which is described as:

(4T
fav = 2i(4; 7)) )

It should be noted, that multi-exponential decay fitting often
approximates real decay, that is why averaged decay time 1, is
introduced.

Therefore, for decay time analysis of both NCs and InGaN QWs

multi-exponential model is used in this work.
4.3 Current-voltage measurements
One of the most important characteristics of LEDs is a current-

voltage (I-V) dependence. I-V characteristics of the devices were
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measured using the setup, shown in Figure 4.10, all the data processing
was performed in the processor of Keithley SCS with further data-file
creation. Like in the EL measurements samples were electrically
pumped via metallic probes, using the probe station.

I-V characteristic of a p-n junction is given by:

1=1I(exp(¢V/pr) = D (4.6)

where I is the diode current, I is the reverse bias saturation current, V
is the voltage across the diode, nis the ideality factor, also known as
the quality factor or emission coefficient. The ideality factor n typically
varies from 1 to 2 (though can in some cases be higher), depending on
the fabrication process and semiconductor material of the diode and in
many cases is assumed to be approximately equal to 1; k is the
Boltzmann constant, T is the absolute temperature of the p-n junction; e
is the elementary charge.

In order to simplify equation thermal voltage V7 is introduced, as:
Vp=— 4.7

which is constant at T = 300 K (temperature close to RT) and equals to
25.85 mV.

From I-V characteristic measurements of the device, its turn-on
voltage and influence of parasitic resistances can be derived. The turn-
on voltage or threshold voltage Vr is the voltage at which current
strongly increases.

Figure 4.8 presents an ideal 1-V characteristic and a number of

parasitic effects that can affect it.
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Figure 4.8. Diode's ideal I-V characteristic (a) and influenced by parasitic
effects (b-e).

Figure 4.8 (a) shows ideal I-V.

Figure 4.8 (b) shows an effect of a photocurrent. In order to avoid
it, measurements have to be carried out in the dark room or sample has
to be covered from the ambient light. However, small non-zero currents
of around 10 to 10™ A will appear due to the limited accuracy of the
measurement instrument or it may be a leakage current of the circuit.

Figure 4.8 (c) shows influence of parasitic series resistance. It
causes a deviation from ideal exponential dependence at higher

voltages. Voltages across the diode and resistor add up.
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Figure 4.8 (d) shows influence of parasitic parallel resistance
(shunt). In here the effect is best visible at low voltages. Currents
through diode and resistor add up.
Figure 4.8 (e) shows influence of both parasitic series and parallel
resistances. Effects from both of them add up.
Note, that some additional leakage currents may be non-linear (not
represented by a single resistor) and their analysis is less straight

forward.

4.4 Electroluminescence measurements

Electroluminescence (EL) is a light emission from a solid-state
material, caused by electrical carrier injection. Since white LEDs are
electrically-driven devices, EL is a very important measurement
technique which needed to be used for full device characterization.

In order to examine electrical properties of devices, a setup to
measure electroluminescence as a part of an existing electrical setup was
built, which included a multi-fiber mounted on a holder developed by
our group at DTU.

EL measurements were performed using a probe station to apply a
voltage to the sample with probes placed on the LED contacts. Keithley
4200 semiconductor characterizing system (SCS) (Figure 4.9) was used
as a voltage source and ammeter, although being very versatile, it was
also used for measurements in the time-domain. Light emission was
collected using multi-mode fiber guiding light to the input of the Andor
spectrometer and Si CCD camera, that were also used for PL

measurements.
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Figure 4.9. Keithley SCS-4200.

Figure 4.10 shows a photograph of the EL setup, used in the
experiments. A sample is placed on a metallic sample holder, metallic
probes are providing electrical connections. Their positions can be
independently and precisely controlled with the help of positioners that
allow movement in all three directions. The orange "wire" is the multi-
mode fiber, which collects light from the sample and then guides it to
the entrance of the spectrometer, where special fiber adaptor is installed

in order to in-couple the maximum amount of light.
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Figure 4.10. An EL setup.

Figure 4.11 presents electrically pumped blue InGaN/GaN LED
chip before NCs deposition. In order to show the sample, optic fiber was
removed. Keithley power supply was not limiting working voltage,

however, maximum current was limited to the value of 0.1 A.

Figure 4.11. An example of the LED with a forward voltage applied to it.
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4.5 Conclusions

In this chapter main characterization techniques used during this
PhD work were presented, including PL, micro-PL as well as TRPL
measurements and EL and -V characterization techniques, which
allowed devices characterization both optically and electrically, giving
access to the full information about the samples. All setups (except the
micro-PL which was built by collaborators at DTU Physics) were
established during this PhD.
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5. Thin cap LEDs

Recent interest in modifying radiative recombination by coupling to
surface plasmons [127] or to emitters such as polymers [33] or colloidal
nanocrystals (NCs) [15], [34] has led to the development of structures
containing quantum wells capped with thin layers of barrier materials
[128], which are necessary for the coupling. Due to the relatively weak
effect of the surface states compared with the arsenides [129], [130],
much of the development has concentrated on the nitride materials.
Interest in nitrides has also been driven by the potential applications for
SSL. As it was already mentioned in section 2.4, the interactions
between the quantum well and the NCs are very sensitive to the cap
thickness but also to the character of the excitation in both layers
(presence of excitons or binding electron-hole pairs) [131], therefore
understanding of carrier dynamics in the QWs itself is important for
design of final devices. Much work until now has concentrated on low
indium content quantum wells in which carrier localization is not
important. Othonos et al. [132] have used samples with 2.5 and 15 nm
cap thicknesses emitting at 415 nm and attributed the change in carrier
recombination between the wafers to the surface-related states which
enhanced non-radiative recombination. Tan et al. [133] used two series
of samples with 2.5 and 15nm cap thicknesses, emitting at 390 and 415
nm, and explained the different behavior of thinner cap samples as an
influence of strongly localized excitons. These experiments were carried
out at room temperature. While all these studies were performed on
guantum wells with low indium content, quantum wells with longer
emission wavelength in the visible light spectral range are more relevant

for the potential applications in SSL. It is known that the increase in the
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amount of indium in QWs leads to drastic changes in the material
properties and thus recombination of excitons. For example, carrier
recombination in InGaN QWSs depends strongly on the piezoelectric
field induced by strain [104], thickness of the low-temperature grown
GaN part of the capping of the quantum well [134], In content and its
content fluctuations in the QW [102], which can be affected by the cap
thickness.

In this chapter a thin cap LED structure as a platform for hybrid
white LEDs based on a RET from the QWSs to the NCs is presented, its
optical and electrical characteristics and integration with NCs and
ligands are discussed. We study the carrier dynamics in InGaN QW
emitting in the blue part of the spectral range with thin capping layer
and analyze what changes the cap thickness causes. The device structure
is shown in section 5.1. Results of the characterization of the samples
discussion of the effect of the capping layer thickness on the carrier
dynamics of the sample are presented in section 5.2. In further sections
of this chapter we study non-radiative energy transfer between InGaN
guantum wells and colloidal InP/ZnS nanocrystals. A clear non-
radiative energy transfer between the two layers is accompanied by
reduced surface recombination in InGaN. This chapter includes
materials presented in publications shown in publications list: journal

publication #1, 2 and 5; and in the conference proceeding #2.

5.1 Device structure

Thin cap LED structures with various cap thicknesses were grown
by collaborators from a group of Professor M. Sopanen from Aalto
University, Helsinki, Finland. The sketch of the wafer structure is

shown in Figure 5.1.
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All epitaxial layers were grown in a vertical flow MOCVD reactor

on c-plane sapphire substrates. The precursors were trimethylgallium
(TMGa), trimethylindium (TMIn) and ammonia. Disilane was used to
introduce n-type doping. The two-step growth method was used for the
growth of buffer (2 pm thick un-doped GaN followed by 2 um thick n-
GaN layer) at a temperature of 1030 °C. Active layers were grown on
top of the buffer at 740 °C in nitrogen ambient to allow incorporation of
indium. Growth was interrupted during the temperature ramp at the
buffer—active region interface. Reactor was cooled down in nitrogen-
ammonia ambient to minimize desorption from the sample surface. The
active part of the structure is composed of a superlattice, single QW
(SQW) and GaN capping layer. For the sample with 200 nm capping
layer, initial 12 nm of the capping layer were grown at 740 °C, after
which the temperature was ramped up to 940 °C to grow the rest of the
capping layer. Lower growth temperature of the initial 12 nm prevents
indium desorption from the QW, while higher growth temperature for

the rest of the capping layer improves its quality.

|

Variable value

of cap thickness:
1 nm, 3 nm, & nm
and 200 nm

A

Active part of the wafer

A Skdoped n-GaN (2 um

4 m%r: 1030 c‘f 4 "J*"
u-GaN on C-plane sapphire subsirate

A (AR A

Figure 5.1. A sketch of the epitaxial structure of thin cap samples.
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Table 5.1. Comparison of samples with different underneath structures and
corresponding indium precursor flow. Optical performance of the thick 200 nm
cap samples was characterized with room temperature PL measurements.

TMiIn flow ;
Sample Underneath structure Normalized RT
rate PL intensity
Grown on n-GaN
a 0 sccm 0.10
buffer
b 30 nm of InGaN 2.5 sccm 0.85
c 30 nm of InGaN 5 scem 0.74
15x(1nm/1nm)
d InGaN/GaN 10 sccm 1.00
superlattice

The structure between the buffer and QW was developed
specifically to achieve high quality QW. It was done by growing SQWSs
capped with 200 nm GaN cap with different structures between the
buffer layer and the QW. The PL signal from various samples is
presented in Table 5.1

It is seen from the table 5.1 that the superlattice underneath the
active layer improved PL intensity of the sample, however, the presence
of indium and rather high TMIn flows cause rough surface morphology,
which may also affect dynamics of thin cap samples [135]. AFM
analysis of the wafers’ surfaces, performed by the growers, reveals
undulations of up to 3 nm in amplitude, which according to the TEM
analysis originate from the layers below the quantum wells [135].

Ing.15GapgsN/GaN heterostructure QW emitting around 470 nm was
used as an active material thus as an energy donor. A set of wafers was
used, each with a 1.8 nm thick Ing15GaggsN embedded in GaN at
different depths below the surface. A sketch of thin cap white LED

structure with NCs as light conversion layer is presented in Figure 5.2.
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Figure 5.2. A sketch of the thin cap LED structure.

InP/ZnS nanocrystals coated with oleylamine ligands were acquired
from NN-Labs [49]. A thin layer of nanocrystals with InP core size of
about 4 nm and ZnS shell thickness of about 0.5 nm, emitting at
640 nm, were deposited on top of clean surfaces of wafers by spin
coating. Colloidal InP/ZnS nanocrystals were used as energy acceptors,
because they are non-toxic and thus compatible with commercial
applications. The nanocrystal solution contained excess ligands, in order
to ensure complete coating of NCs with the ligands. The combination of
the band-gaps of the materials provided a good spectral overlap between
emission of the QW and the absorption of the NCs as shown in Figure
5.3.
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Figure 5.3. Spectral overlap between the emission of the QW and absorption of
the NCs.

The InGaN QW wafers were first characterized with a PL mapper.
As an example, the PL maps of the 6 nm cap sample are shown in
Figure 5.4. It can be seen from the PL maps that the sample has good
signal uniformity except the areas close to the edge of the wafer. For the
experiments wafer was cut to smaller chips such that the peak intensity
and the emission wavelength values are uniform across the chip. The
edges of the wafer were not used in the experiments. The same was

done for other samples used for analysis in this chapter.
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Figure 5.4. PL maps showing peak emission wavelength, integrated PL peak
intensity, intensity signal and full width half maximum (FWHM) of the sample
with 6 nm capping layer.

5.2 Effect of the capping layer thickness

The effect of GaN capping thickness on the recombination of

electron-hole pairs in high indium-content InGaN quantum wells is

discussed in this section. We show that reducing the cap thickness to 6

and then 3 nm leads to change of emission wavelength, increased

localization and surface recombination. Experimental data is supported
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by modeling using a fully coupled piezoelectric model. Modeling was
performed by Morten Willatzen and Benny Lassen from DTU Fotonik,
Kgs. Lyngby, Denmark and from the University of Southern Denmark,
Sonderborg, Denmark, respectively. More detailed information about
modeling can be found in Appendix C. The model was developed
through numerous discussions to establish physically relevant structure.

5.2.1 Emission wavelength dependence on the cap

thickness

Wafers with single QW with 1 nm, 3 nm, 6 nm and 200 nm
distances from the surface were investigated.

We believe that sample with 1 nm thick capping layer shows strong
coupling between the QW and surface states due to the small cap
thickness. Moreover, such thin cap can be easily damaged or removed
during processing of the device. Roughness of the sample surface of
around 3 nm in amplitude makes analysis of 1 nm cap wafer less
pronounced and observed effects more difficult to explain. Therefore,
we decided to continue analysis with 3 other samples: having 3, 6 and

200 nm thick capping layers.
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Figure 5.5. Normalized room temperature photoluminescence spectra of wafers
with different cap thicknesses.

Normalized PL spectra acquired at 300 K are shown in Figure 5.5.
The first thing that can be noticed is the redshift of the peak wavelength
with increasing the cap thickness. Emission intensities vary for the
samples and the trend in the PL intensity as the cap becomes thinner
(which is collected in Table 5.2) suggests that there is an optimal cap
thickness of 3 nm in order to get maximum light emission from the
sample, at which the cumulative effect of non-radiative carrier losses
due to the bulk non-radiative recombination states and the surface states

is minimal [133].

Table 5.2. Integrated photoluminescence intensities for the series at room

temperature normalized to 1 for 3 nm wafer.

Sample name S3 S6 S200

Emission intensity, a.u. 1 0.64 0.41
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Later in the chapter samples with 3 nm, 6 nm and 200 nm cap
samples will be referred to as S3, S6 and S200, respectively.
Temperature dependence of the PL measurements of the samples was
further performed. Measurements at low temperatures allow probing the
samples when non-radiative recombination can be neglected. PL spectra
of InGaN/GaN QW measured at 4K upon excitation with the pulsed
diode laser are shown in Figure 5.6 and can be seen to consist of the
main emission peak and two smaller satellite peaks, which can be
attributed to phonon replicas. Unlike at room temperature (RT), the PL
signal is the strongest for the sample S200 and the weakest for the
sample S3. This trend can originate from either surface state
recombination or weaker wavefunctions overlap due to the depletion
field and will be further discussed in the section. The systematic change
of the main peak wavelength with the cap thickness, although the QWs
are nominally the same, reflects an influence of internal piezo- and
polarization effects as well as an electric field due to background and
surface charges [134]. Figure 5.7 shows the simulated dependence of
the emission wavelength on the cap thickness. Red shift is observed
with thicker capping layer and the wavelength saturates at around 7 nm.
Further increase of the cap thickness has no influence on the emission
energy. While the simulations reflect the observed trend very well,
calculated emission wavelengths are shorter than the measured ones.
This is most likely due to the random growth-to-growth variations of the
indium flux during the wafer growth, but possibly also due to the
uncertainty of the InN and GaN parameters available in literature as
well as can be explained with simplifications in simulations (one band
effective mass model can be changed with more precise eight band

model).
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Figure 5.6. PL spectra for samples S3, S6 and S200 at 4K
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Figure 5.7. Simulated lowest state emission energies for different samples.
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Figure 5.8. The effective valence and conduction band potential for a sample
with capping layer thickness of 3 nm.

Figure 5.8 shows effective conduction and valence band potentials
for the QW of sample S3. The effective potentials of the GaN barriers
(Figure 5.8) are the same for the different capping layer thicknesses, and
the difference to the emission energies of samples originates from the
effect of the proximity of the surface and its effect on the electron
wavefunctions. While the hole wavefunctions and energies do not show
a significant dependence on a cap thickness, the lower mass of electrons
combined with the potential shown in Figure 5.8 result in a significant
penetration on electron wavefunction into the GaN cap. The observed
change in emission wavelength with cap thickness is due to this partial
delocalization of the electron wavefunctions, resulting in their energy

renormalization.
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5.2.2 Effect of the cap thickness on the carrier

localization

In addition to the different emission energies, Figure 5.6 also shows
the phonon replicas, whose presence indicates a high degree of
localization in the system. Such LO-phonon sidebands (PSBs) of the PL
are related to the degree of electron or hole localization [136], [137],
[138]. In direct gap semiconductors carriers with well-defined k number
have negligible intensity of the PSBs comparing with the main emission
peak. This is a direct result of momentum conservation. Carriers from
localized states have non-defined k number and are seen to exhibit
stronger emission of PSBs [138]. I. Brener et al. have shown in [137]
that weakly localized excitons do not show any PSBs, while tightly
localized excitons and separately localized electrons and holes show
strong PSBs. Analysis of the strength of localization can be performed
using Huang-Rhys (HR) factors. HR factors (S,) characterize the
strength of the coupling between radiative transitions and LO-phonons

and are defined from the intensity ratios of phonon replica’s peaks:
I
Sp=(n+1)x( n+1/,n), (5.1)

where n is an index of the phonon replica, I — its intensity, and n = 0
corresponds to the main emission peak, the so called zero phonon line
(ZPL).

Physical meaning of the HR factor S is the measure of the coupling
strength of the radiative transition to the LO-phonon polarization field. S
is given by [137], [138]:

1 2
S = ququ| y (52)
where hw,, is LO-phonon energy, D, is proportional to the gth -

fourier-transform coefficient of the particle charge distribution, which is
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related to the degree of its localization. Localized excitons exhibit
strong PSBs due to the fact that their wavefunction contains large g
components that allow them to couple to a wide range of LO-phonons
[137].

By analyzing HR factors [133], [137], and photoluminescence peak
energies, Tan et al. [133] have shown that the number of localized
excitons increases with the reduction of the cap thickness in low indium
content QW. Since increased level of indium should lead to stronger
localization, such QWs will differ from ones, presented in literature, and
have to be further analyzed in this thesis.

Information from the first HR factor, So, may be misleading
because the ZPL may include emission from delocalized excitons as
well as the localized ones, therefore, the factor S; should give more

precise information about localization [137].
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Figure 5.9. S1 parameter depending on the cap thickness of the samples.

The thin cap samples have smaller values of the factor S; (Figure

5.9) indicating stronger localization in these samples, but one has to rule
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out a possibility that the observed trend is caused by changes of the
depletion/electric fields [133] which would lead to similar dependence.

Another evidence of localization is an S-like shape of the emission
peak position versus the temperature, which is shown in Figure 5.10. It
has been associated with the presence of localized states (LS) due to
inhomogenities of the potential due to indium segregation regions and
probably also due to the influence of defects in the structure [139],
[140]. Red-shift is due to the band shrinkage, and blue-shift is attributed
to the thermal distribution within the localized states, as localized states
are having slightly different energies which results from the change of
average indium concentration, spatial fluctuations of indium percentage
[141]. S-shape dependence of sample S6 is shown as an example. The
other samples' peak energy dependencies from the temperature are

similar to this one.
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Figure 5.10. S-shape behavior of PL peak position versus temperature, as an
example sample S6 is shown. The other samples have shown similar behavior.
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Figure 5.11. Arrhenius plot of integrated PL signal from samples S3, S6 and
S200.

We looked at the temperature dependence of the integrated PL,
which is shown as an Arrhenius plot for all three samples in Figure 5.11.
In attempt to quantify the localization, the data was fitted with a
function of the following form:

— Io
= 1+ Ay +exp(—Eq1/KT)+Az*exp(—Eqp /kT)’ (5.3)

where k is the Boltzmann constant, A; and A, are the probability
coefficients, I, is the PL intensity at OK, E,; and E,, are activation
energies for non-radiative centers.

Two fitting components reflect two slopes in the curves. Larger
activation energy, E,;, which has much stronger weight can be
attributed to the depth of LS compared with conduction edge depth,
assuming that the radiatively recombining excitons are localized and

escape by thermal activation to recombine non-radiatively [20], [141].
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Figure 5.12. Fittings of activation energies for samples S3 (a), S6 (b) and S200
(©).

Fittings of the samples are shown in Figure 5.12. Activation energy
E.1 was fitted to be 100 meV for samples S3 and S6 and 50 meV for
sample S200. Samples S3 and S6 have double localization depth
according to these fittings which confirms the stronger localization in
the thin cap samples, observed in Figure 5.9. Stronger localization can
be caused by surface roughness or surface defects or stronger indium
inhomogeneity in the QWs caused by indium reorganization when
wafers are cooled down and the GaN cap is thin. At low temperatures (4
to 60 K) a small decrease of intensity is seen with low activation energy,
E,,, of 4 and 13 meV for thick (S200) and thin cap (S3 and S6)
samples, respectively. It is still not completely clear, what is the origin
of such activation energy [142], but it is possibly attributed to the
energy difference between different localized state energy bands. Levels
with their energies and carrier concentration are shown schematically in
Figure 5.13, where Ey, Eq, Ejoc1, Eioc2, Eaz, and Eg, are corresponding to
the conduction band state, defect states, first and second localization
states, first and second activation energies, respectively. Energy

separation is not to scale.
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Figure 5.13. A diagram, presenting energy states, where Eo, Eq, Ejoc1, Eioc2, Eat,
and E,; are corresponding to the conduction band state, defect states, first and
second localization states, first and second activation energies, respectively.
Energy separation is not to scale. ng, Ng, Nioc1, Nioc2, Na1, @nd Ny, are carrier
concentration at respective states.

5.2.3 Change of carrier dynamics with decrease of

the cap thickness

Surface states (SS) for thinner cap samples can be responsible for
the decrease in PL signal which can be seen in Figure 5.6. Any defects
close to or at the surface of the semiconductor promote recombination,
or act as carrier traps. Such defects appear because of the broken
periodicity of the crystal lattice, which causes dangling bonds at the
surface of the wafer. The number of dangling bonds can be decreased by
surface passivation, which relies on saturating the dangling bond by
attaching them to atoms on the passivation layer.

The origin of the intensity change of thin cap samples, clear from
Figure 5.6 is investigated with time-resolved PL (TRPL), using 405 nm
pulsed laser, in order to explain the reasons of such behavior looking at
the carrier dynamics of the samples. Detailed description of the TRPL
setup can be found in section 4.2.

Room temperature TRPL of all three wafers, normalizedto 1 att =
0 is shown in Figure 5.14. The decay curves are non-exponential,
showing long “tails” after initial decrease of PL intensity.

The decay time is shortest in a 200 nm cap wafer, and as the cap

thickness decreases it becomes significantly longer. In InGaN QWs the
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non-radiative recombination competes with the radiative recombination
at localisation centres [102] and the quenching of the PL intensity (seen

in table 5.2) and fast decays prove this fact.

10°F
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Figure 5.14. TRPL curves for samples S3, S6 and S200, measured at 300 K.

Since the non-radiative recombination in In,Ga; xN QWs is thermally
activated, as it was shown in Figure 5.11, its relative contribution to the
full recombination changes with temperature. As can be seen from
Figure 5.15, the photoluminescence decay time increases as the wafers
are cooled down from room temperature to 40 K. The change of the
initial decay time is the largest in the 200 nm cap wafer and the lowest
for 3 nm cap wafers (note the beginning of the decay curve). Fittings of
the initial decay time of the samples showed that for sample S200 initial
decay value has changed from 2.39 ns to 20 ns, while for S6 and S3
samples initial decay have changed from 4.15 ns to 21 ns and from 9.13
ns to 22 ns, respectively. Under initial decay we imply first decay
component of the PL decay curve.
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Figure 5.15. TRPL curves for samples S3, S6 and S200, measured at 40 K.
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Figure 5.16. TRPL curves for samples S3, S6 and S200, measured at 4K.

Figure 5.16 shows decay time curves for all samples at 4K. It is
assumed that there is no bulk non-radiative recombination at this
temperature [20], [143]. While sample S200 shows a single-exponential
decay with a decay rate of 0.045 ns™ (t =22 ns), the thin cap samples
show clear deviation from single-exponential decay. A fast initial decay
due to radiative recombination and trapping on the surface states (t = 20

ns) is followed by a long tail due to de-trapping of carriers from the
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surface states (t > 40 - 60 ns). Proximity of the surface states may also
lead to trap formation which can temporarily retain the carriers.Note
that, a similar situation is observed in core-shell colloidal nanocrystals
in which the surface is also very close to the light emitting core [107].

The initial decay in both thin cap samples is faster than the radiative
recombination decay for the sample S200. While the faster initial
recombination could be attributed to the stronger electron-hole overlap
in the presence of an internal electric field, long emission "tail” cannot.
In addition it could not explain lower PL intensity (Figure 5.6). Other
explanation for the faster initial decay is fast non-radiative
recombination on the SS [132].
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Figure 5.17. Wavefunction of the lowest energy electron state in the S3, S6 and
S200 conduction (black, red and blue curves, respectively) and wavefunction of
the lowest energy hole state in the quantum well structure (green) which does
not depend significantly on capping layer thickness. The well is located
between 0 and 2 nm.
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Figure 5.18. Overlap integral between the lowest energy electron state and the
lowest energy hole state as a dependence on a cap thickness.

Simulations of electron and hole wavefunctions, results of which
are presented in Figure 5.17, show that due to the leakage of electron
wavefunction into the capping layer, overlap between electron and hole
wavefunctions decreases with the cap thickness as shown in Figure 5.18.

Higher overlap between wavefunctions in thinner cap samples is
consistent with faster initial decay times. However, it should also lead to
PL emission (Figure 5.6) from S3 and S6 samples being the same or
stronger than from S200, which is not the case. Experimentally it was
found that initial decay times of both thinner cap samples, fitted from
decays presented in Figure 5.16 to be around 6 ns, are much shorter than
the single-exponential decay of sample S200 fitted to be around 22 ns.
Initial decay times can only be explained by the presence of traps on SS,
since at 4 K bulk non-radiative recombination centers are frozen out and
integral overlap calculated above does not exhibit such a difference
between samples S6 and S200.

Figure 5.19 shows distribution of fitted decay time components
with temperature. As an example components of sample S6 are shown.

Short component (tng) is a well-known thermally activated non-
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radiative recombination, which becomes negligibly low below 80K.
Long tails are associated with recombination of carriers trapped on the
SS. They are getting extremely long at low temperatures. Other
components are radiative recombination. The extracted decay times only
reflect complex carrier dynamics and cannot be associated directly with
any process. Fitting with one less or one more components will change
values of fitted decay times.

Such multi-exponential PL decay can be better described with the
averaged decay time, defined as:

_ i(Apt)
Tav = YiAi*Ty) (5:4)

where 1; and A; are decay components and their weights, respectively.
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Figure 5.19. The decay time components of the sample S6 versus temperature.
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Figure 5.20. Averaged decay time temperature dependence.

Samples S3 and S6 were fitted with 4 components, while sample
S200 was fitted with 3 components at higher temperatures (it didn’t
have long tails) and with 2 components at temperatures below 50 K
(when non-radiative component became negligible). This number of
components for fittings allowed good overlap of the fitted and
experimental curves.

Figure 5.20 shows an evolution of the average decay time with
temperature for all wafers. With decreasing the temperature averaged
decay time value starting to grow as earlier as the thinner is the sample.
A possible explanation for the averaged decay time increase could be
decreased role of the non-radiative recombination or more effective
radiative recombination of the excitons in the localisation centres [102].
It finally saturates at around 40 K for sample S200 and at around
50-60 K for thinner cap samples S3 and S6, when non-radiative
recombination centers are frozen and are negligible. This saturation
temperature is different for the samples. Before this temperature there is
a steep slope of the averaged decay times, where while temperature
increases decay time value decreases rapidly. It was shown by Minsky

et al. [102] that for larger localization radiative decay time component
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decreases at higher temperatures. The same is seen for our samples, so
sample S3 has larger localization and sample S200 the lowest.
Therefore, the stronger localization with reducing capping layer
thickness has to be considered.

Much larger values of z,, for thin cap samples S3 and S6 can be
supported by the effect of SS, as it was mentioned above. Such SS work
as traps that are able to capture carriers and then release, allowing
recombination to occur afterwards with much longer times than the ones
that were not trapped. Therefore, thin cap samples exhibit charge
transfer to the SS and it gets larger with thinner capping layer. This
charge transfer process will compete with the non-radiative energy
transfer process if RET [131] is to be studied.

5.3 Effect of nanocrystals and influence of

ligands

Non-radiative resonant energy transfer from the QW to the NCs
results in additional recombination channel in carrier dynamics. As RET
doesn’t require photon emission, energy is transferred via dipole-dipole
interaction, this process is rather fast, in order of hundreds picoseconds.
Therefore, carrier dynamics of the QW exhibiting such energy transfer
to the NCs would show faster decay times or increased decay rate k (as k
= 1/7). Measured difference in decay rates of the QW before and after
deposition of NCs would suggest existence of non-radiative energy
transfer.

Figure 5.21 shows decay time curves measured at room temperature
for QWs covered with 3 and 6 nm GaN capping layers, both before and

after NCs layer deposition. For analysis of PL decay curves we fitted the
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initial time (shown in the figure). The sample with 3 nm GaN cap above
the QW (7 nm distance between centers of the QW and NCs) shows
faster decay rates after NCs deposition, which is consistent with the
presence of RET. RET rate calculated as a difference between decay
rates measured with and without NCs is 0.02 ns™. Fitted decay times
were 8.59 and 9.91 ns for samples with and without NCs, respectively,
which corresponds to rates of 0.12 and 0.1 ns™. Sample with 6 nm GaN,
showed slower decay rate by 0.05 ns™ after NCs were deposited on its
surface (7.35 and 5.25 ns for samples with and without NCs,
respectively, which corresponds to rates of 0.14 and 0.19 ns™). Sample
with 200 nm thick cap didn't show decay rate change after NCs
deposition.

The slower decay rate seen in the 6 nm cap sample clearly cannot
be related to RET but may be associated with decrease of recombination
on SS. Since the NCs solution contains excess ligands (free ligands not
bound to NCs) promoting stable coverage of the NCs with ligands, NCs
deposition may be accompanied by the attachment of ligands to the
clean surface of GaN. One possible explanation of the increased decay
time in the wafer with 6 nm GaN cap is the passivation of the surface
states by these organic ligands, that counteract RET [34].

To confirm this observation another sample was prepared and
measured. Thin layer of oleylamine ligands was spin-coated on top of
clean thin cap wafer. Measurements of the decay rate of the carriers’
dynamics in QWs has showed slower decay rate than that of the bare
wafer, as shown in Figure 5.22. This confirms that ligands act as surface
passivation of the etched InGaN/GaN QWs.

As a conclusion of this section, nanocrystals in the solution with
organic ligands after deposition on top of the thin cap sample in close

proximity to the QW can cause two processes: RET and surface
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passivation. Effect of these processes on carrier dynamics is opposite,
RET makes it faster and passivation removes fast non-radiative decay
channels, thus increasing total decay time. Therefore, one should be
careful analyzing samples with NCs containing ligands, and take into

account passivation effects.
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Figure 5.21. Effect of NCs deposition on PL decay of the QW with (a) 3 nm and
(b) 6 nm GaN capping layer.
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Figure 5.22. Effect of ligands deposition on the surface of the thin cap sample.

5.4 Electrical characterization of the diodes

Commercial LEDs used in different applications are electrically-
driven rather than optically. Therefore, electrical characterization is
necessary and more important for the customer than optical one.
Devices with the thin capping layer used in this thesis were
characterized electrically.

Electrical measurements have been performed on LED structures
with thin capping layer. The wafer structure consisted of the n-type GaN
followed by 1.8 nm InGaN QW emitting at 470 nm and covered with 3
nm p-GaN. Note that in order to achieve RET the additional layers such
as AlGaN electron-blocking layer, present in high-brightness LEDs,
were not used.

Figure 5.23 shows IV characteristic of the sample from this wafer
with NCs deposited on the top. At low voltages, current is flowing via
defect states as can be seen from excessive current below the expected
threshold voltage of about 2.7-3 V. This current was measured both with

and without NCs and if the measurement was repeated a few times, the
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sub-threshold current would increase until eventual breakdown. In even
more extreme cases, the sample did not produce any light under
electrical excitation and showed linear IV characteristics. This points the
problem with such devices, namely a diffusion of the annealed p-type
contact metals inside the structure that can shunt the p-n junction. For
the thin cap samples, where the separation between p- and n-contact

areas is very small, is very important to avoid such diffusion.
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Figure 5.23. A typical IV characteristic of the thin cap sample before
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Figure 5.24. EL of the thin cap sample with NCs deposited on its surface.

During EL measurements samples exhibited strong emission from
the defect state in yellow spectral range. It was especially visible at low
currents, when most of carriers were trapped by the surface or p-type
layer defect states.

NCs deposited on top of the electrically-driven sample with thin
capping layer didn't emit enough red light to achieve white color after
mixing of this red with the blue emission from the QW, as shown in
Figure 5.24. We believe this was due to several reasons: the absorption
of the NCs at LED emission wavelength is half of the absorption at laser
emission wavelength (see Figure 5.3), the LED wafer is not perfect due
to the low temperature capping layer growth and quite probable and
easy way for carriers was to recombine via surface states or defect states
in the crystal.

Based on results of the measurements of this wafer, it is clear that a
different device structure is needed. The next device to study was a
patterned, regular LED structure, which is the subject of the next

chapter.

5.5 Conclusions

In this chapter a hybrid device composed of the LED with QW
close to the surface with NCs has been considered. Particular attention
was paid to the design of GaN/InGaN QW wafer. Both optical and
electrical properties of the wafers and hybrid devices were studied.

It was shown that multiple processes, such as non-radiative
recombination on surface states and/or carrier trapping on surface states,

recombination from localized states are important and affect carrier
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dynamics and PL from quantum wells positioned near the surface.
Internal piezoelectric field and spontaneous polarization as well as
effect of surface charges caused PL peak position shift and affected the
carrier dynamics, making radiative recombination in samples S3 and S6
faster. At the same time leakage of electron wavefunction into the
capping layer meant that recombination and trapping on SS are very
important resulting in long “tails” in TRPL decay curves.

We have found that the degree of carrier localization in nominally
identical InGaN quantum wells positioned at different distances from
the surface increases as the distance between the QW and the wafer
surface is reduced. This was shown by a larger activation energy for the
thinner cap wafers and higher value of so called saturation temperature,
when further increase of the temperature leads to rapid decrease of the
averaged decay time.

When using NCs for wavelength conversion of excitation from
GaN/InGaN QW by non-radiative energy transfer, clear signature of
RET was observed, yet the recombination on SS competed with RET,
making the hybrid devices less efficient. However, it can be prevented
by an efficient surface passivation, as it was observed on the example of
surface passivation with organic ligands. Effect of ligands on the carrier
dynamics makes the quantitative analysis of the transfer rate difficult.
With the appropriate choice of passivation layers, hybrid structures are
thus more efficient light emitters.

Although optical characteristics of devices were satisfactory,
excitation of NCs from electroluminescence from the LEDs with thin p-
type GaN cap over the QW resulted in very weak emission of red light
from the NCs. In addition, light emission from defect states in p-GaN in
yellow spectral range was observed. The recombination on these states

at low currents was dominant, and it was still competing with radiative
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processes at higher currents. The yield of LEDs from wafers with thin

p-type cap was very low due to difficulties in contacting of the p-layer

without shunting the p-n junction.

128



6. Patterned LEDs.

6. Patterned LEDs.

In contrast to the previous chapter where a small distance between
the QWSs and NCs was achieved by an epitaxial growth of thin nm-size
capping layer above the QW, patterning of a standard LED wafer with
holes is employed in this chapter. The etching of the hole pattern must at
least reach the QWSs, so the NCs on the sidewalls are in a close
proximity to them. A patterned LED device structure is described in
more details in section 6.1. A white LED both optical and electrical
characterization is presented in section 6.2. The RET is discussed in
section 6.3. This chapter includes materials presented in publications
shown in publications list: a journal publication #6 and a conference
proceeding #1.

Although an extra decay channel in the QW emission [10], [128],
identified as RET, has been observed in hybrid QW-NC structures, the
surface state recombination of the QW excitations, that has a large
impact on the decay dynamics, has been widely neglected with only a
few exceptions [144]. The carrier dynamics of the QW is influence by
the surface states and they are of particular importance in the case of
small separations between the surface and the QW. However, covering
the surface with the NCs solution may change surface states. In this
section we demonstrate a room temperature non-radiative energy
transfer from InGaN/GaN quantum wells to colloidal CdSe/ZnS
nanocrystals emitting around 440 nm and 620 nm, respectively, suitable
for solid-state lighting. In addition, we address the surface state assisted
non-radiative recombination of the QW energy donors modified by the

alumina passivation thickness. This is in contrast to previous work [10],
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[128], [144], where either non-radiative energy transfer has not been
unambiguously demonstrated or it has been shown on devices operating
in the near-infrared spectral region, which are not suitable for solid state

lighting applications.

6.1 Device structure and fabrication

In order to fabricate hybrid white LEDs we used a standard blue
GaN/InGaN LED with an emission peak wavelength of 440 nm and
both InP/ZnS and CdSe/zZnS core/shell colloidal quantum dots (for
simplicity — nanocrystals) with a strong absorption at the emission
wavelength of the blue LED, and emitting in the yellow-red wavelength
range. The NCs can be excited optically from the QW either via
absorption or via non-radiative RET [12], [15], [38], [70].

Samples used in the experiments presented in this chapter were
fabricated from a standard bright LED wafer containing 9 InGaN
quantum wells (QWSs) grown using metalorganic vapor phase epitaxy.
The InGaN QW photoluminescence maximum is at a wavelength of
around 470nm. The QWSs are 2.7 nm thick and separated by
approximately 12 nm thick GaN barrier layers, as shown on the
scanning transmission electron microscope (STEM) images in Figure
6.1 (a) and (b).
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Figure 6.1. STEM images of the wafer: (a) full structure and (b) quantum wells.
Images were taken by Dr. Shima Kadkhodazadeh.

Figure 6.1 (a) shows all 9 QWs and a top p-type contact layer
consisting from an AlGaN/GaN superlattice with a total thickness of
approximately 200 nm. Figure 6.1 (b) shows two InGaN QWs and GaN
spacer layer between them. high quality of the wafers is clear from the
images. The interfaces between QWs and the barriers are straight and
very smooth, with the top interface a little less abrupt, suggestive of
more gradual transition between the layers.

Before device processing, a 2 inch LED wafer has been cut into
chips with the size of 7 by 7 mm each. A quick qualitative measurement
of the chip was performed using the PL mapper. Results are shown in
Figure 6.2. The signal from the sample is a square inside the circle.
Good uniformity of the sample is seen in the three images of emission

peak wavelength, FWHM and PL intensity distribution on the chip.
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Figure 6.2. Emission peak wavelength (a), PL intensity (b), and FWHM (c) of
the unprocessed LED chip, obtained from PL mapper.
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Our samples were patterned using optical lithography and a SiO, as
a hard mask. Mesas with diameters of 300 um were formed in order to
define diode dimensions and provide p- and n-GaN contact access. Hole
pattern was introduced at this step to provide contact area with the NCs.
Etching of the mesas and hole pattern was performed using an
inductively coupled plasma (ICP) etcher with Ar/Cl, chemistry. The
hole diameter is 1 pm and the depth is 0.4 pm, which is sufficiently
deep to etch through the QWs into the n-type GaN contact layer. Wet
chemical etching in HF for 2 minutes to remove a hard mask followed
by etching in 37% HCI for 60 minutes to remove the layer of material
damaged by the ICP-RIE was used. For electrically driven devices,
contacts to the p-type layer were formed by evaporation of Ni/Au
followed by thermal annealing for 30 minutes at 610 °C in order to
activate the Mg dopants. For the n-type contact, a Ti/Al/Ti/Au metal
combination was used. Finally, after both contacts were fabricated and
tested, the devices were packaged and wire bonded to simplify the
electrical measurements. In the final step, the NCs, diluted in toluene,
were deposited by spin-coating. A homogeneous layers of NCs, that
covered the devices conformally (including the areas patterned with
holes) was obtained after the conditions of the process were optimized.
As the diameter of NCs (including the ligands) is around 7-8 nm, they
easily penetrate into the patterned holes. Detailed fabrication process is
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discussed in Chapter 3 a full set of process recipes is included in the
Appendix A.

The images in Figure 6.3 illustrate the geometry of the holes etched
to bring NCs into the close proximity of the quantum well. A large part
of the mesa top, shown in yellow in Figure 6.3 (a), is covered by a metal
contact (needed for bonding). A semicircular free surface of GaN
surrounded by the metal contains a rectangular array of holes (shown in
grey in the figure), while the rest of the surface is left unpatterned
(shown in green) to aid comparison between patterned and unpatterned
areas of the device.

While Figure 6.3 (a) shows a magnified optical microscope's image
of the pattern, Figure 6.3 (b) presents a micrograph taken with a
scanning electron microscope (SEM). Such images were used to assess
the quality of the patterning and to measure the holes sizes. The
diameter of the holes shown in Figure 6.3 (b) has been measured to be 1
pUm and the pitch of the array to be 2 um. Two different sizes of the
pattern were used: the first with hole diameters of 1 um and 2 um pitch

of the array and the second with 1.5 pm wide holes and 3 pm pitch of

the array.

=N - . — —_

Figure 6.3. (a) Mesa view from the top. Yellow — top contact to p-GaN, grey
rectangle on green semicircle — patterned area of free GaN surface, green area —
GaN surface on the mesa, dark brown is a bottom contact to n-GaN, (b) SEM
image of the holes in the patterned area of the device.
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A sketch of the device cross-section is presented in Figure 6.4. Blue
circles show approximate size of the blue laser spot compared to the size
of the holes. NCs and other layers are drawn not up to scale. The figure
shows that NCs (sizes not to scale) are placed in the close proximity to
the QWs inside openings etched through the QWs. In this device design,
the nanocrystals that can be excited with RET decorate the sides of the
holes, and are in contact with the sides of the QWSs. The contact area is
thus smaller than in the case of thin cap wafers and not only electron-
hole generation in the QWSs but also carriers’ diffusion need to be
considered in the device performance analysis.

Nanocrystals
Area 1

Area 2

InGaN/GaN
MQW

Figure 6.4. A sketch of the patterned LED structure in cross-section.

While initial experiments were performed using InP/ZnS
nanocrystals, it became apparent that charge trapping and subsequent
Auger recombination [116] were limiting device performance. In
experiment, described in this chapter, CdSe/ZnS NCs were used instead
of InP/ZnS. Absorption and emission spectra of the CdSe/ZnS NCs used
in the studied devices are presented in Figure 6.5.
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Figure 6.5. An absorption and emission spectra of the CdSe/ZnS NCs used in
the studied devices.

6.2 White LED characterization

Photoluminescence (PL) measurement obtained with a 405 nm
pump laser is presented in Figure 6.6. This sample has InP/ZnS NCs
deposited inside holes in the patterned area. Good color mixing results
for the patterned devices are shown. The color rendering index (CRI)
has a reasonable value of 73 and CCT of 6190 K (values were
calculated using the SpecWin software from “Instrument System”
company, supplied with the spectrometer), which supports the
assumption that good quality white light can be obtained from hybrid
white LEDs where NCs will substitute phosphor. Note that higher CRI
index would be obtained if the NCs of different sizes, thus different
emission wavelengths, were used to extend the emission beyond 600 nm
wavelength. It should be mentioned, that the data was taken with a 420
nm long-pass filter needed to remove the signal from the excitation laser
beam resulting in an abrupt cut-off of the luminescence for shorter

wavelengths.
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Figure 6.6. Spectrum of an optically pumped white LED.

As the laser beam size used in this experiment was rather large
(around 100 um in diameter) it was not possible to establish the role of
RET in the total emission. In order to see the effect of patterning and
since the interactions between the NCs and the QWs take place on the
etched surfaces of the openings, we performed spatially resolved
photoluminescence. Spatially- and time-resolved PL (TRPL)
measurements discussed further in section 6.3 are particularly suitable
for establishing the presence of RET between the QW and the NCs.

EL measurements performed on this sample didn't show red
emission from the NCs. We attribute it partly to low absorption
coefficient for the InP/ZnS NCs at the emission wavelength of the LED
and partly to the charge trapping and subsequent Auger recombination
that were limiting the performance of NCs [116]. Optically driven
diodes don’t suffer from these problems that much. NCs have higher
absorption coefficient for emission wavelength of the laser. Moreover,
intensity of the laser emission is high enough to overcome charge

trapping and other non-radiative processes in the NCs and supply
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enough carriers for the radiative recombination. More importantly, if the
device is excited with a pulsed laser with the period longer than the
decay rate of carriers in both QW and NCs, the ratio of emission
between the two is defined by the ratio of the absorption probabilities
and the quantum yield of QW and NCs. Under electrical excitation
(which is CW) the number of photons emitted by the QW is defined by
the current, while number of photons emitted by the NC is defined by
the absorption of QW emission by NCs at low excitation levels and by
the decay time of the carriers in QW and NC at the intermediate
excitation level. At low excitation level the number of photons emitted
by the NCs will increase linearly with the current through the LED and
the intensity ratio should reflect the absorption probability. At the
intermediate excitation level, when there is a high chance of photon
absorption during the exciton lifetime, Auger recombination will start
limiting the number of photons emitted by the NCs. Finally, at very high
excitation levels, the number of red photons emitted by the NCs will be
defined by the number of the NCs and the lifetime of the exciton (~20
ns) and will be current independent. The decay time of the QW is of the
order of 4 ns and decay time of NCs is of the order of 13 ns. Auger
recombination tends to be very fast, occurring with the decay time of
sub-ns.

Following this observation devices with CdSe/ZnS NCs as energy
acceptors were prepared in order to substitute InP/ZnS NCs with more
efficient ones.

A typical current-voltage characteristic of the LED is presented in
Figure 6.7, where the inset shows the low voltage part of the curve on a
MA scale. The device has a good turn-on voltage value of around 4.2 V,
but starts emitting light intense enough to see by naked eye at 2.6 V.
Patterning followed by post-etching treatment didn’t affect the IV
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characteristics. This confirms that surface damage caused by ICP
etching was successfully removed and patterning using etching
techniques may be used without sacrificing the electrical characteristics

of the device.
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Figure 6.7. IV characteristic of the device. Inset shows low current and low
voltage part of the curve.

It should be noted, that the amount of the solution with CdSe NCs
deposited on a sample was the same as amount of the solution with InP
NCs. It resulted in higher emission from the CdSe NCs. Figure 6.8
presents PL and EL measurements of the patterned device with
CdSe/ZnS NCs covering conformally the surface of the LED. For the
optical measurements the same blue laser emitting at 405 nm together
with 405 nm notch filter were used. Optically driven sample exhibits
strong emission from the NCs, but driven electrically it shows negligible
color conversion of blue to the red emission via optical absorption and
RET. Since the geometry of the device allows only small number of NCs
to interact with the QW carriers, it is not expected that RET would be

significant.
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Figure 6.8. PL and EL measurements of the patterned device with CdSe/ZnS
NCs in close vicinity to the QW.

Measurements of electrically driven diode showed higher overall
emission from the patterned area. This can be seen even better in Figure
6.9, where the patterned areas are the brightest rectangular emission
spots in the picture. Holes themselves help to extract light from the
QWs, thereby increasing the external efficiency of blue emission [78],
[146].
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Figure 6.9. A photo of electrically driven device, two probes provide current to
the electrical contacts. As generated photons are guided in GaN, light is emitted
from large part of the chip around the contact device. Note, that the arrays of
hole patterns are always brighter than the surrounding unpatterned parts of the
same mesas.

Global characteristics of electrically and optically driven diodes
have shown complicated behavior of devices. Time-resolved PL
analysis performed with high spatial resolution has to be done. This
analysis will give information about carrier dynamics in the small region
where NCs are in close vicinity to the QWs instead of gathering signal

from the area of tens of um.

6.3 Non-radiative energy transfer in patterned

devices

In order to measure RET and surface recombination in the patterned
devices, micro-PL setup described in section 4.1.3 of chapter 4 had to be
used. A variety of laser excitation wavelengths and collection
wavelengths (defined with bandpass filters) were used to analyze the
effects of RET, surface recombination and optical absorption on carrier
recombination in the quantum wells and in the nanocrystals. This way,
we were able to demonstrate RET (as opposed to an extra non-radiative
recombination in samples with NCs) and we were able to reach
conclusions regarding optimum sample design for maximum color
conversion efficiency.

Prior to the micro-PL measurements, PL and EL was measured to
study the effect of the patterning on the device performance, which was

shown in previous section.
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6.3.1 Influence of RET on dynamics of carriers in
the QW

In order to study the carrier dynamics in the QWs micro-PL data
were acquired with 405 nm laser and 420-520 nm bandpass filter to
remove the remaining laser signal and the emission from the NCs.

Patterned devices with hole sizes of 1 and 1.5 um and array period
of 2 and 3 pm, respectively, were investigated. Their microscope
pictures and examples of micro-PL maps are shown in Figure 6.10 and
Figure 6.11. The fact that the images in Figure 6.10 (b) and Figure 6.11
(b) do not show any emission from the holes can be explained by the
size of the excitation laser beam spot used to pump optically the QWs.
Due to the use of a high NA objective lens the laser beam size is around
0.8 um in diameter. As the pattern was etched through the QWs, there is
no excitation and correspondingly collection when the excitation point

is inside the hole.

(a)

Y [um]

X [um]

Figure 6.10. (a) A microscope picture of the sample with holes size of 1 um and
array period of 2 um before micro-PL, and (b) a micro-PL map of the QW
emission of the patterned and unpatterned areas of this sample, measured in the
area 9 by 9 pm.
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Figure 6.11. (a) A microscope picture of the sample with holes size of 1.5 um
and array period of 3 pum before micro-PL, and (b) a micro-PL map of the QW
emission of the patterned and unpatterned areas of this sample, measured in the

area 9 by 9 pum.

In Figure 6.12 (a) we present a scanning electron microscopy
(SEM) image of a typical patterned sample surface. Although, following
the patterning, wet chemical etching to remove the damaged material
was used, surface recombination that could compete with RET remained
an issue in the device design since it was present even in as-grown
wafer (see chapter 5). It has been addressed by adding another
processing step: atomic layer deposition (ALD) of 1, 4, 10, and 25 nm
aluminum oxide spacer layers on different chips. The aluminum oxide
layers with different thicknesses allow us to investigate distance
dependence of non-resonant energy transfer (RET) between the energy
donor QWs and energy acceptor NC dipoles [36], as well as the effect of
passivation on the QWs. Finally, a layer of colloidal CdSe/ZnS
nanocrystals (NCs) was spun from a solution containing excess of
oleylamine ligands on top of the aluminum oxide layer. Nanocrystals
emitting at 620£10 nm wavelength were used. We verified the
uniformity of the QW and NC layers by recording the spatially resolved
photoluminescence (PL). For simplicity, the LED samples with 1, 4, 10
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and 25 nm thick aluminum oxide layers will be referred to as S1, S4,
S10, and S25 throughout the chapter.

Spatial and  time-resolved  photoluminescence  (TRPL)
measurements, as shown for instance in Figure 6.12 (b), were performed
using a 405 nm pulsed diode laser as an off-resonant excitation light
source for the QWs and NCs. The green 532 nm laser was used to excite
selectively the NCs. The laser beam sizes were approximately 0.8 um
and 0.6 um in diameter for the blue and green lasers, respectively.

Area 2 - border Area 1 - mesa

®) max
H H
0

Figure 6.12. SEM image of the patterned area (a); micro-PL intensity (of 420 to
520 nm) map of sample S1 (b), positions of areas 1 and 2 are indicated.

A typical micro-photoluminescence (micro-PL) map of the QW
signal taken on sample S1 on an area patterned with holes is presented
in Figure 6.12 (b). A strong PL signal is obtained from the mesa region
between the holes, while almost no signal emerges from the center of
the hole, where the QWSs were etched away. Two regions of the sample,
labeled “area 1” and “area 2” are marked in the figure and will be
compared throughout the text. Area 1 is located between two different
holes, as shown in Figure 6.12 (b) and also indicated by the circles in
Figure 6.4, while area 2 was chosen at the edge of the hole, at the

location where the PL signal dropped by a factor of 3 relative to the
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signal from area 1. The proximity of the quantum wells to the sample
surface in area 2 (as illustrated in Figure 6.4) supports RET between
QWs and NCs, as well as surface recombination of QW excitons. It
should be noted that the carrier decay rates from area 2 (taken near the
edge of the holes) are affected by the carrier decay rates from the close-
by region defined by the beam size of the excitation laser, which is
larger than the small border area 2, as shown by blue circles in Figure
6.4 and Figure 6.12 (b).

Following the acquisition of micro-PL intensity maps for samples
with different thicknesses of Al,O; passivation layer, maps with PL
decay curves were acquired with the same spatial resolution. The QW
decay curves from both areas 1 and 2 extracted from the maps are
shown in Figure 6.13 (a). Each curve is an average of around 10
spatially different points within the same area. The same averaging is
performed to reduce the noise and ensure that spatial variations are
accounted for all the data shown in this chapter. All decay rates
presented here are total decay rates obtained from single exponential
fits.

The PL decay has been fitted using following equation:
I1(t) = lyexp (k- t) (6.1)

where I(t) shows PL intensity dependence with time, I, is the intensity
at time zero, k is corresponding decay rate. Single exponential function
represents well the PL intensity decay in the time period of interest.
Only very first initial decay times after laser activation have been used
for the data analysis as both RET and recombination on SS are fast
processes. As they are in order of several ns and error bars of measured
times (which are due to the averaging measurements from different
points of the same area in the same map) are in order of few hundred ps,
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6. Patterned LEDs.
instrument response function (IRF) which is around 200 ps was not
deconvoluted from the decay curve before fittings.

In general, the decay rates from the area 1 of different samples are
similar and vary between 0.240.02 ns® and 0.2320.02ns™. The
photoluminescence decay from the area 2 is faster than that from the
area 1 in different samples, indicating the presence of an additional
carrier recombination process at the border compared with the mesa
centers. The recombination rate in the area 2 scales inversely with the
thickness of the aluminum oxide layer and there is very little difference
between the recombination rates from both areas of sample S25
(T's2snc1 = 0,22+0,03ns™ and T'spsne 2 = 0,27+0,03ns™ for areas 1 and 2,
respectively). The higher decay rate in the area 2 compared to the area 1
could be caused both by RET from the QW to the NCs [147], [148] and
non-radiative surface recombination [132]. From these measurements
alone, we cannot determine the exact physical origin for the higher

decay rate at the border of the hole.
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Figure 6.13. (a) QW PL decays of samples S1 (solid line) and S25 (dashed line)
from areas 1 (black) and 2 (green) before NCs deposition, and (b) Decay curves
of QW emission from areas 1 and 2 (black and green, respectively), from all
samples with NC deposited.

In order to investigate the effect of passivation on surface
recombination, we recorded decay curves from samples S1 and S25

before the deposition of NCs, as shown in Figure 6.13 (a). Since in these
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measurements no NCs are present, the effect of RET can be excluded as
a possible decay channel in the border area 2.

The signal from the area 2 of sample S1 with a rate of
ksi»=0,37 £ 0,04 nst is faster than from the area 1, with a rate of
ksi11 =0,20 + 0,003 ns'. In contrast, the same decay rates:
Kszs1 = 0,27+0,02 ns™ and kszs, = 0,27+0,03 ns™, respectively for areas
1 and 2 are measured for sample S25. These measurements illustrate,
that non-radiative surface recombination significantly increases the total
recombination rate of carriers in the QW decay rate close to the hole,
and that it is eliminated to a large extend by the passivation through a
25 nm thick aluminum oxide layer. The difference between decay rates
for the samples S1 and S25 from area 1 (Ksy; and Ksps1) may originate
from the diffusion of carriers to the surface states, which shouldn’t take
place for the sample S25.

The observations from Figure 6.13 (a) and (b) show that the QW
carrier decay rates extracted from area 1 are having similar values for all
the samples and in particular they are not affected by the presence of
NCs or by the aluminum oxide layers. The carrier decay rate
ksin2 = 0,51 + 0,04 ns* from area 2 of sample S1 with a NC layer (see
Figure 6.13 (b)) is significantly larger than the rate ks; » = 0,37 £ 0,04ns’
! obtained without NCs (see Figure 6.13 (a)). This clearly indicates that
an additional recombination channel must be present when NCs are
placed in the vicinity of the QWSs. Strong dependence of the QW decay
rate on the aluminum oxide layer thickness suggests short range effects,
such as RET from the QWs to the NCs as possible additional decay

component.
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Figure 6.14. QW PL decay rates vs. thickness of the oxide layer from area 1
with NCs on top (black triangulars), area 2 with NCs on top with possible
RET+SS (green squares), area 2 without NCs on top with possible SS on S1 and
S25 (blue stars).

The total decay rates obtained from all curves of Figure 6.13 are
plotted against the aluminum oxide thickness in Figure 6.14. The mean
values and error bars (equal to the standard deviation) are derived from
different points of corresponding TRPL map. A strong dependence of
the rates on the aluminum oxide layer thickness is clearly observed in
area 2 both for the measurements with and without NCs, especially for
an aluminum oxide layer of less than 10 nm-thick. From these
measurements we conclude that for QW to NC separations of more than
10 nm RET between donor and acceptor materials does not occur.

6.3.2 Influence of RET on the dynamics of carriers

in the nanocrystals

The main conclusion of the previous section simply states that the
recombination of electron-hole pairs in the QW is faster in the presence

of the NCs in its vicinity and RET does not occur at separation distances
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between the QW and NCs of more than 10 nm. In order to distinguish
RET from potential non-radiative surface recombination processes
introduced by the NCs layers, the PL and decay curve maps of the NCs
have also be measured with excitation with a 405 nm laser and a 562 nm
long-pass filter to eliminate the collection of laser and QW emission
light.
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Figure 6.15. (a) A microscope picture of the sample with holes size of 1 um and
array period of 2 pum before micro-PL, and (b) a micro-PL map of the NCs
emission of the patterned and unpatterned areas of this sample, measured in the
area 9 by 9 pm.

A 1/e decay times map of the NCs is presented in Figure 6.16. The
scan was taken from an area with a size of 9 by 9 um (X and Y axis) in
steps of 150 nm. One can easily recognize the hole pattern in the image
and the fact that NCs have apparently a longer decay time in close
proximity to the QW (inside the pattern, close to the edge), indicating
the presence of RET. In this case the population of excitons in the NCs
decays with its typical decay rate, but it increases via RET as long as
there are electron-hole pairs present in the QWSs resulting in an apparent
longer average decay time of the NCs in the presence of RET.
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Figure 6.16. 1/e decay time map of NCs deposited on a wafer under optical
pumping.

Another conclusion that can be drawn from the measurement in
Figure 6.16 is that the hole size is larger than the area where RET had
occurred, some areas inside the hole are not involved in RET, which
means that the efficiency of this process may be improved by changing
the pattern dimensions, reducing the hole size.

Typical NC decay curves taken under 405 nm laser excitation from
samples S1 and S10 are presented in Figure 6.17. There is a clear
difference between the decay curves in areas 1 and 2; the PL decay
curves from area 2 are delayed compared to the curves taken from
area 1. After the delay, the photoluminescence from areas 1 and 2 decay
with identical rates of knc = 0,09+0,007 ns™. Since the delay is of the
order of the decay rate of carriers in the QW (shown in Figure 6.17), the
time delay can be explained as non-radiative energy transfer from the
QW to the NCs. It should be noted, that in all measurements the time
zero was defined in the same way: by the reference signal from the laser

controller triggering the timing card.
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Figure 6.17. Experimental (solid lines) and simulated (dashed lines) decay
curves from NCs of sample S1 (a) and experimental results for sample S10 (b)
for areas 1 and 2 (black and green curves, respectively). For comparison, in (a)

we also plot the bulk QW decay curve as a blue line.

Decay curves for S4 and S25 obtained under the blue laser
excitation are shown in Figure 6.18. Dashed lines in Figure 6.18 (a)
show results of the simulations, confirming that RET is present in the
structure with 4 nm of aluminum oxide layer. Decay curves from sample
S25 in Figure 6.18 (b) overlap each other as RET is very unlikely at this

separation distance and as expected from the data for sample S10.
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Figure 6.18. Experimental (solid lines) and simulated (dashed lines) decay
curves from NCs of sample S4 (a) and experimental results for sample S25 (b)
for areas 1 and 2 (black and green curves, respectively).

In order to simulate the RET process a system of three equations

was used:

an
_— ~(kaq + kg + kapr) * now (6.2)
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dnyci _ NC1
= “Keot * e + Kpgr * now (6.3)

dnnca

dar —k%(iz *MNyc2 (6.4)

Here, ngy, nyc1 and ny, are exciton populations in the QWs and

NCs close to the QWs and far from those, respectively, kfc‘{"; and kgg"
are radiative rate far from the surface, and surface recombination rate of
the QW, kNCT and kNS?to the total decay rates of the NCs close and far
from the QWSs. This total decay rate is comprised of radiative and non-
radiative contributions. And kggr is the RET rate from the QWs to the
NCs. Photon absorption and RET between pairs of NCs are neglected as
much weaker effects.

Due to the fact that the laser beam is slightly larger than the small
area 2 (Figure 6.4) and NCs that are far from QW walls are also excited
by the laser, equation 6.4 has been added to show their contribution. The
energy levels of the QW and NCs are presented in Figure 6.19 by
numbers from 1 to 6. Energy levels of the NCs in the close proximity

are far from the QWs are taken into account and shown in this figure.

QW -
, NCs_ln the fllose NCs away
7 7‘% proximity to the QWs from the QWs
4= 7 6 7
Kow k “nc

1

Figure 6.19. Energy levels of the QW and NCs that are excited by the laser.

Measured decay rates kycy and knco were used for the simulations,

Now and Nnci + Nnce Were set to 1 at t=0 while kger and nyci/Nnc. Were
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freely adjusted parameters. As a starting point krer derived from Figure
6.14 was used for S1, but it was further adjusted to account for spatial
averaging due to the size of the laser beam. The simulation results for
the samples S1 and S4 agree well with the experimental data, as shown
by the plots in Figure 6.17 (a) and Figure 6.18 (a). Due to the unknown
ratio of nyci/Nncs2 We can only determine a lower bound on the RET rate
from the comparison of the data with the simulations.

The shift of the decay curves obtained from samples S1 and S4 is
related to the energy transfer from QWs to the NCs and therefore occurs
only within the lifetime of the excitons in the QWSs. Since the decay of
the QW excitons (blue line in Figure 6.17 (a)) is more than a factor of 2
faster compared to the NC decay rate, the resulting shift is small
compared with the decay times of the NCs.

When the separation between QWs and NCs is increased to 10 nm
or 25 nm, there is no difference in NC decay curves between areas 1
and 2, as shown for S10 in Figure 6.17 (b). We therefore conclude that
the different QW decay dynamics of the samples S10 and S25, as
presented in Figure 6.13 (b), is due to the effect of SR.

From the figures above is clear, that efficiency of RET is limited by
the radiative lifetime of the NCs. Non-radiative energy transfer depends
also on processes in the QWSs, but as they are faster than radiative
lifetime in the NCs (shown in Figure 6.17 (a)) electron-hole pair from
the QW has to "wait" until states in the NC will be ready for an energy
transfer to occur and result in radiative recombination. In fact the
transfer can occur at any time but it will result in Auger recombination
if there is already an exciton in the NC. This mismatch may be
responsible for the difference between the measured emission of light
from NCs under optical pulsed excitation and electrical CW excitation

as discussed in the section 6.2.
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Further evidence that RET is responsible for the time delayed
decay, shown in Figure 6.20 and Figure 6.21 (a), comes from TRPL
maps with NCs on top measured upon selective excitation of the NCs
with the 532 nm pulsed laser. Under these conditions only NCs are
excited. The resulting decay curves from areas 1 and 2 of sample S1 are
presented in Figure 6.20. Figure 6.21 (a) shows 20 decay curves from
both areas 1 and 2, while Figure 6.21 (b) presents 1/e decay time map of
this sample. The decay curves in Figure 6.20 as well as all the curves in
Figure 6.21 (a) overlap each other, thus demonstrating that in the
absence of QW excitation, there is no difference in the carrier dynamics
of NCs in the areas 1 and 2, and no influence of the pattern on the
carrier dynamics of NCs is seen. Furthermore, this observation confirms
that the differences in carrier dynamics, obtained under excitation with
405 nm laser are due to non-radiative coupling of the electron-hole pairs
in QWs to the NCs excitons.
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Figure 6.20. NCs PL decay curves of sample S1 from areas 1 (black) and 2
(green) obtained with pulsed 532 nm laser excitation.
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Figure 6.21. (a) decay curves from 20 different points of NCs on top of sample
S1 under green laser excitation and (b) 1/e decay map of this sample.

6.4 Conclusions

In conclusion, we have presented light-emitting diodes fabricated
with hole patterns for color conversion via non-radiative resonant
energy transfer from the quantum wells to the nanocrystals. Device
patterning improved the extraction efficiency of the blue light [146] and
allowed NCs to be placed close to the QWs in order for RET to occur.
Non-radiative energy transfer from the QWs to the NCs occurred in the
close proximity to the QWs which was confirmed by longer decay times
of NCs placed there.

Non-radiative energy transfer from InGaN/GaN QWs to CdSe/ZnS
NCs was studied by measuring the carrier dynamics of both the QWs
and the NCs. By doing so, the modification of surface recombination
due to the NC layer as the origin of the observed increased
recombination rate in the QWs was ruled out. The measurements
performed on the NCs with green laser excitation have proven that the
dynamic modifications of the NCs decay in area 2 under blue laser

excitation were caused by the RET.
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RET was found to decrease strongly with the separation between
QWs and NCs, and it was not measureable at separation of 10 nm or
more. Thin passivation layers reduce surface recombination, but they
also slow down the RET rate due to increased separation between the
donor and acceptor layers. It is therefore very important that device
processing is optimized to avoid the generation of surface states for
devices which would utilize RET.

The white color generation with color temperature of 6190 K and
CRI of 73 was achieved using optically driven blue LED with InP/ZnS
NCs (with central emission wavelength of 580 nm) deposited inside the
hole patterns. Electrically driven diodes did not show white light
generation irrespective of the choice of NCs. A mismatch between the
measured fast decay rates of carriers in the QWSs and slow decay rates of
the NCs in combination with high Auger recombination probability may
be responsible for the difference between the measured emission of light

from NCs under optical pulsed excitation and electrical CW excitation.
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7. Conclusions and outlook

A hybrid white LED based on non-radiative resonant energy
transfer from the QWs to the emissive NCs was proposed and
demonstrated in two different device geometries. In the first type of
LED structure, thin capping layer was covering QWSs, resulting in small
separation distances between the QWSs and the NCs needed for the
resonant energy transfer. The second type of device was based on
standard LED structure which was patterned to expose quantum wells
from the sides.

Fabrication of devices with both geometries was established in the
Danchip clean room facilities. Some processes such as dry etching of
InAlGaN materials, p- and n-type contact metal combinations were
developed.

Non-radiative resonant energy transfer (RET) between InGaN QW
and nanocrystals was experimentally demonstrated for devices of both
types. Strong dependence of RET efficiency on the separation between
the QW and the NCs was shown. Decay rate of the carriers in the QW
drops from the ~0.51 ns™ to ~0.37 ns™ when separation between the QW
and NCs increases from 1 to 4 nm in samples with the patterned
geometry. Influence of recombination on surface states and passivation
effect of ligands, connected to the NCs, have to be considered for hybrid
devices.

Optically driven diode emitting white light with CRI of 73 was
shown. However, electrically driven LED showed very little
luminescence from the nanocrystals, proving that RET does not result in

sufficient color conversion. This has been partly explained by Auger
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recombination and a long lifetime of excitons in the NCs compared with
the lifetime of electron-hole pairs in the quantum well.

If carriers decayed radiatively faster in NCs, under CW excitation
(EL) they would produce more red photons. NCs or other materials such
as organic molecules with faster decay radiative decay times should lead
to potentially more efficient white LEDs.

Although RET was measured in both types of devices, the patterned
standard LED, having good electrical characteristic, has better potential
to be developed into a commercially competitive device. In future,
optimization of the pattern in such devices to achieve larger area of
interactions between the QW and the NCs for the LED should be
performed. Since stronger light extraction in the patterned device has
been observed, it would be interesting to consider patterns with photonic
properties: e.g. photonic crystals. The device would benefit greatly from
incorporating NCs with higher quantum efficiencies. Nanocrystals of
different size, i.e. emission wavelength, should be used for broader
emission spectrum, and thus higher CRI value and easier color
temperature control. Since RET and surface recombination are both
strong at the same length scales, more work should be devoted to
minimizing the surface defects density many of which may be
introduced during device processing.

Resonant energy transfer can be used for other applications such as:
single photon sources based on nanocrystals, sensors of the separation
between the molecules in physical and biological research and clinical
laboratories. RET can also be wused to improve the spectral
characteristics of fluorescent dyes and dye combinations, such as the
tandem dyes in flow and image cytometry and the RET primers in DNA

sequencing and polymerase chain reactions.
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Photo- and other proteins and many enzymes involved in photo-
activated biological events can be tuned and enhanced by using light

harvesting NCs.
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Appendix A. Patterned LED fabrication

procedure.

Cleaning:

5 min in acetone (+ultrasonic), 1-2 min in ethanol, 1 min rinsing in
running DI water, drying with nitrogen.
If very dirty: a) piranha wash — H2SO4:H202 = 4:1 for 5-10
min,
b) HCI for 5-10 min.

SiO, deposition

Depositing of 300 nm of SiO2 in PECVD2: SiO2 for 3 minutes
program "SiO2KY" also with Si piece for SiO, thickness inspection.
Deposition rate is 100 nm/min.

Chemical reaction used for glass deposition is: SiH; + 2 N,O — >
SiO, + 2H, + 2N,

Check of SiO, thickness in FilmTek.

Choose program 1_SiO2_4inch_1point, measure in several points.
Thickness may be different in the corners compared with the center of
the sample.

HMDS treatment. To be placed in HMDS vapor for 15 min, then in

free air in fume hood for 5 min.

Photolithography.

Spinning of photolithography resist AZ5206E (thickness of resist
~600 nm)

Program 3 was used with settings:
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14010 Closed spin 400rpm, acc 1000rpm/s
35 For5s

1600 40 Closed spin 4000rpm, acc 4000rpm/s
330 For 30s

Beads to be removed. Then prebake for 90 s in 90°C.

Expose using mesa mask and program 8: vacuum mode, on time:
10 sec, align sep: 20um, 10s, 10s. Development: 1 min in AZ351B 1:5
H20, DI rinse and N, dry.

Check pattern is well developed with microscope.

Removing of resist residues with oxygen (O,) plasma. Time used:
60 s, pressure 0.2mbar O,, power 40%. One needs to be careful and
check the power of the plasma asher, not to use higher power and

remove all resist.

SiO, etching.

SiO; etch in RIE (Plassys). The process etch rate is 30 nm/min for
SiO, and 29 nm/min for the resist. The parameters of CHF3/O, etch
were: O, gas — 2.0 sccm, CHF; gas — 16.0 sccm, RF = 60 W, pressure —
100 mTorr, etch time — 10-15 minutes, to be more precisely controlled
with the laser interferometry.

After etching to clean chamber using process clean.prg consist of
10 minutes O, etch.

Check glass thickness (on Si wafer) in FilmTek.

Strip resist with acetone (10 min), ethanol for 1min, rinse in DI
water for 1 min and N, dry; O, plasma Asher (power 100%, 2-3
minutes, up to 5 minutes) to remove rests of photoresist. Optical
microscope is needed to be used to confirm that glass is etched through,

Dektak profiler for inspection of the etched depth.
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E-beam lithography (patterned device):

a) ZEP deposition (thickness is around 500 nm),

b) 20 nm of Al in Wordentec,

¢) E-beam lithography,

d) ZEP development and Al removing:

- MF-322 for 50 s to remove Al, rinse in water, Ny;

- ZED N50 for 2 min, IPA for 30 s, N,

SiO; etching in RIE (Plassys), ZEP removal.

Acetone, ethanol cleaning of surface by dipping the sample in the
beaker, as described in section “cleaning".

Inspection of the sample in the optical microscope and if needed

using scanning electron microscope (SEM).

GaN etching

Mesa formation and patterning of mesas in ICP. Use “GaN etch”
program for 1 min (550 nm depth). Or 45-50 s for 400-450 nm. Detailed
recipe with gases and flows is shown in Apendix B.

Use Dektak afterwards to measure etch depth with rests of SiO..

Remove glass (BHF etch rate ~200 nm/min), Dektak without SiO,
to measure GaN etch depth.

Post-ICP treatment: etching in 37% HCI for 1 hour.

Cleaning. Acetone 5min, Ethanol 1min+squirt, DI water for 1 min,
N2 dry.

Inspection of the sample quality and surface cleanliness in the
optical microscope and if needed using SEM.

Top contact.
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Photolithography ~ for top  contact (using  “T”-marked
photolithography mask)
Hotplate bake @ 170°C for 5 min.
1. Spin on adhesion promoter AP3000 (for the metal):

25010 Open spin 500rpm, acc 1000rpm/s
315 For15s

210010 Open spin 1000rpm, acc 1000rpm/s
360 For 60s

2. Spin Lift-Off Resist (LOR5B), thickness ~0.7um

14010 Closed spin 400rpm, acc 1000rpm/s
35 For5s

120040 Closed spin 2000rpm, acc 4000 rpm/s
345 For 45s

3. Edge beads were removed using EBR PG and then baked for 5
min @ 170°C (Set point 180°C).

4. Spinning of AZ5206E (resist thickness ~0.6 um) which will be
exposed in aligner to open windows for metal deposition and then for
lift-off.

14010 Closed spin 400rpm, acc 1000rpm/s
35 For5s

1400 40 Closed spin 4000rpm, acc 4000rpm/s
330 For 30s

5. Edge beads were removed using EBR PG and sample was baked
for 90s @90C.
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6. Alignment and exposure of resist with top metal pattern. program
3: exposure time 10 sec, Vacuum mode: 20um, 10s, 10s. Sample was
aligned using alignment marks.

7. Developed with AZ351B 1: 5 H20 for 5min with stirring gently
while exposing.

8. HCl cleaning (10 min) before metal deposition

9. Evaporation of “p-type” contact metals in Physimeca. Metal
combination is NiisAuago.

10. Lift-off. Samples were immersed in warm “Remover 1165 at
60°C for 1-2 hours. Then rinsed by Isopropanol and DI water and finally
dried with N2.

11. Thermal annealing by RTA at 610 C for 30 min.

Bottom contact.

1. Lithography for bottom contact (using “B”-marked
photolithography mask) - same steps as for top contact but different
mask.

2. HCI cleaning (10 min).

3. Evaporation of “n-type” contact metals combination using
Alcatel (TiAITiAu, prog.#45).

4. Lift-off. Samples were immersed in warm “Remover 1165 at
60°C for 1-2 hours. Then rinsed by Isopropanol and DI water and finally
dried with N2.

Ultrasonic bath with low level of ultrasound can be used (level 1-2)
if metal does not lift off within 1-2 hours.

Nanocrystals deposition:

Is done using spin-coating. Around 50 pl of solution with NCs was

used for a chip with the size 7*7 mm.
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22010 Open spin 200rpm, acc 1000rpm/s

310 For15s

170050 Closed spin at 7000rpm, acc 5000rpm/s
360 For 60s
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Appendix B. Etching recipes for RIE Plassys
and III-V ICP placed in the Danchip clean

room for III-Nitrides etch.

Parameters for SiO, etch in RIE.

CHF; flow 16 sccm
O, flow 2. sccm
RF power 60 W
Pressure 100 mTorr
SiO, etch rate 30 nm/min

Parameters for GaN etch in RIE.
Recipe #1 is for shallow etch, where higher etching depth precision
and better surface morphology is required. Recipe #2 is for faster and

deeper etch.

Recipe #1.
Cycle 1. GaN etch.

CH, flow 8.3 sccm
H, flow 42 sccm
RF power 60 W
Pressure 84 mTorr
Length of the cycle 2 min

Cycle 2. O, polymer cleaning.

O, flow 40 sccm
RF power 20W
Pressure 150 mTorr
Length of the cycle 1 min 30 sec

167



0. Appendix B. Etching recipes for RIE Plassys and 111-V ICP
placed in the Danchip clean room for I11-Nitrides etch.

GaN etch rate is around 3 nm/min

Recipe #2.
Cycle 1. GaN etch.

CH, flow 8.2 sccm
H, flow 41 sccm
RF power 0w
Pressure 80 mTorr
Length of the cycle 2 min
Cycle 2. O, polymer cleaning.
O, flow 40 sccm
RF power 20W
Pressure 150 mTorr
Length of the cycle 1 min 30 sec
GaN etch rate is around 6 nm/min
Parameters for GaN etch in ICP:
Cl, flow 30 sccm
Ar flow 10 sccm
Platen power 200 W
Coil power 600 W
Pressure 2mTorr
Platen chiller temperature 20°C

GaN etch rate is around 550 nm/min
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Appendix C. Simulations of the effect of GaN
capping thickness on recombination of
electron-hole pairs in high indium-content

InGaN quantum wells.

The structures were simulated using a fully coupled piezoelectric
model which includes strain, piezoelectric effects, spontaneous
polarization and surface charges. Lattice constants of a; = 3.222 A and
cs = 5.233 A has been assumed for the substrate to incorporate the
relaxation induced by the superlattice layers [149]. First, the full
coupling of spontaneous polarization, piezoelectric coefficients, electric
fields, and lattice mismatch is included in the continuum elastic
equations for the strain calculation. The resulting strain tensor in space
is then used for the band structure calculations, performed using a one-
band effective mass model for the conduction band. Hence the

conduction-band Hamiltonian is:

(o 1 8
He = _T(a_zME) + Dy(2)€33 + Dy (2) (€11 + €22) +
eV(z) +V.p(2) (C.1)

where my, Dy, D, €;j (i,J=1,2,3),V and V. p are the conduction-
band effective mass, the anisotropic deformation potentials, the strain
tensor, the electric potential and the conduction band edge, respectively.

The valence-band Hamiltonian in the one-band model is given by:
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n?(a 1 ]
H, = —7(———) + (D1(2) + D3(2))ess + (Do(2) +

0z m",hh(z) 0z

D4zell+e22+eVz+ Vv, B(z) (C.2)

where my pp, , Dy, Dy, D3, Dy, €;j (i,J=1,2,3),V and V, 5 are the heavy
hole effective mass, the anisotropic deformation potentials, the strain
tensor, the electric potential and the valence band edge, respectively. All
material parameters are step functions in space. It is assumed that the
capping layer interfaces with vacuum which has an infinite barrier
potential.

All the parameters used in the calculations (see table C1) were
taken from [150] except from the piezoelectric coefficients and relative
permittivities which have been taken from [151]. A surface charge
density of 2.8 - 1013 cm™2 was used in calculations. This choice gives
good agreement with experimental results and is in the range of surface
charge densities reported previously [152]. It should be noted that there
is no consensus in the literature regarding InN material parameters and

there are some deviations in the parameters reported for GaN.

Change in surface charges leads to change of the band potential,
wavefunctions and therefore emission wavelength as well as integral
overlap between electron and hole wavefunctions. Figures,
demonstrating dependence of the surface charge density are shown

below.

TABLE C1. Material properties. Here my is the free electron mass. All
parameters are taken from Ref. [150], except the piezoelectric coefficients and
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relative permittivities which have been taken from Ref. [151]. Bowing
parameters for the band-gaps of 1.4 was used in calculations.

GaN InN
a [nm)] 0.3189 | 0.3545
¢ [nm)] 0.5185 | 0.5703
Cyy [GPa] | 390 223
C12 [GPa] 145 115

[

Ci3 [GPa] | 106 92
Css [GPa] | 398 | 224
Claa [GP& 105 48
ez [C/m?] | —0.45 | —0.52
ess [C/m?]| 0.83 | 0.95
e1s [C/m?] | —0.38 | —0.44

Py [C/m?][—0.034]—0.042

£ 9.24 | 8.061
€1 10.35 | 7.054
ac|leV] -11.3| =3.5
ac1 [eV] —-49 | =35
my [TTL(]] 0.2 0.07
E,y[eV] 3.51 | 0.78

VBO [eV] | —0.5 0
Mpn, [mo] | 1.88 | 1.16

D, [eV] 3.7 | —3.7
Ds [eV] 45 | 45
D; [eV] g2 | 8.2
Dy [eV] —41 | —4.1
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Figure C.0.1. Electron wavefunctions in the QW at various surface charge
densities.
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Figure C.0.2. Overlap integral between electron and hole GS versus cap
thickness at various surface charge densities.
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Figure C.0.3. The effective valence and conduction band potential at various
surface charge densities.
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Figure C.0.4. Emission wavelength at various surface charge densities.

In Figure C.0.1 we plot the various electron wavefunctions as a
function of the surface charge density. Similar plots are shown in Figure
C.0.2, Figure C.0.3 and Figure C.0.4 for the electrical dipole moment,
band-gap energy levels and emission wavelength, respectively. All these

figures present results for the sample with 6 nm cap thickness.
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AFM - atomic force microscopy
Al,O; - aluminum oxide

ALD - atomic layer deposition
AlGaN - aluminum gallium nitride
Ar - argon

BCl; - boron trichloride

BHF - buffered hydrogen fluoride
CH, - methane

CHF; - freon

CHjs - methyl

Cl, - chlorine

DI - deionized water

FWHM - full width half maximum
GaN - gallium nitride

H, - hydrogen

HCI - hydrochloric acid

HF - hydrogen fluoride

ICP — inductively coupled plasma
InGaN - indium gallium nitride
INN - indium nitride

IR - infrared

IRF - instrument response function
ITO - indium tin oxide

LED - light-emitting diode

MOCVD - metal organic chemical vapor deposition
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NCs - nanocrystals
O, - oxygen
PECVD - plasma enhanced chemical vapor deposition
PL - photoluminescence
QD - quantum dot
QW - quantum well
RF - radio-frequency
RIE — reactive ion etching
scem - standard cubic centimeter per minute
SEM - scanning electron microscopy
SiO, - silicon dioxide
SSL - solid-state lighting
TCSPC - time-correlated single photon counting
TEM - transmission electron microscopy
TRPL - time-resolved photoluminescence
UV - ultraviolet
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