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Abstract

High-quality ZnO epilayers were grown on the (0002) sapphire substrate by
atomic layer deposition (ALD) and treated by post-deposition thermal annealing. The
highly c-axis orientated, well crystallized ZnO epilayers and dominant ultraviolet
(UV) near-band-edge emission with negligible defect-related bands were manifested
by the X-ray diffraction pattern, transmission electron microscopy images and
photoluminescence measurement. A low-threshold (33.3 kW/cm®) optically-pumped
stimulated emission was observed in the ZnO epilayers. It was found that the
threshold gradually decreased with the increase in the Al doping concentration in the
ZnO films. The onset of random lasing was proposed to be the reason of the reduction
in the threshold of stimulated emission.

The high-quality ZnO epilayers were grown by ALD on the p-type GaN and
treated by rapid thermal annealing to form the »n-ZnO/p-GaN heterojunction
light-emitting diodes (LEDs). The LEDs exhibited a competition between the
electroluminescnce (EL) from the #-ZnO (A=391 nm) and p-GaN (A=425 nm). On the
other hand, the effect of external feedback on the UV EL from n-ZnO/p-GaN
heterojunction LEDs was also studied. The super-linear increase in the UV EL
intensity from ZnO with the injection current was observed, attributed to the
occurrence of amplified spontaneous emisson in the ZnO epilayer.

White-light EL from the n-ZnO/p-GaN hetrojunction LEDs operated at reverse
breakdown bias was also reported. The EL spectrum was composed of the blue light
at 430 nm and broad yellow band around 550 nm. The chromaticity coordinate of the
EL spectrum was estimated to be (0.31,0.36), very close to (0.33,0.33) of the standard
white light. Significant ultraviolet (UV) electroluminescence (EL) coupled with a red

shift from n-ZnO/p-GaN hetrojunction LEDs diodes was observed under the reverse
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breakdown bias. The reverse breakdown is attributed to the type II band alignment
with large band offsets between 1n-ZnO and p-GaN heterojunction, which facilitates
electron tunneling from the valence band in p-GaN to the conduction band in
n-ZnO.Theoretical calculations were carried out to fit the EL spectra, indicating that
the excitonic Franz-Keldysh effect under a large electric field in the depletion region
of p-GaN is responsible for the red shift in the UV EL spectra.

The crystal structures and optical properties of ZnO epilayers and the
n-ZnO/p-GaN hetrojunction LEDs grown by ALD were studied in this thesis. The
results indicate that the ALD technique is a very promising approach to the growth of

high-quality ZnO epilayers for the next-generation UV photonic devices.

Keywords: ALD, ZnO, threading dislocation, stimulated emission, light emitting

diode, red-shift.
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Chapter 1

Introduction

1.1 Motivation

To date, the II-VI semiconductor ZnO is commonly suggested as the next
generation material for the ultraviolet photonic devices, such as ultraviolet (UV)
light-emitting diodes (LEDs), photo-detectors and lasers because its high excitonic
binding energy (60 meV) and wide band gap energy (3.37 eV). The high excitonic
binding energy of ZnO, excitonic binding energy of GaN is 24 meV [1], leads it to
more efficient UV light emission and a reduced lasing threshold at room temperature.
In addition, ZnO also has the following advantages: easily to perform wet etching
process, relatively low cost, stable, and environmental friendly, which enable ZnO as
the next generation LEDs, LDs or other photonic devices. However, the difficulty to
produce stable and reproducible high carrier concentration and low resistivity p-type
ZnO impedes the fabrication of ZnO based optoelectronic device.

Many techniques have been used to grow high-quality ZnO films, including
molecular beam epitaxy (MBE) [2-5], metal-organic chemical vapor deposition
(MOCVD) [6-9], chemical vapor deposition (CVD) [10-11], pulsed laser deposition
(PLD) [12], radio-frequency magnetron sputtering (RFMS) [13-15], and filtered
cathodic vacuum arc technique [16,17]. Lim et al. reported that ZnO films grown on
the (0001) sapphire (c-Al,O3) at 200-275°C by electron cyclotron resonance-assisted
MBE were basically single crystals, which comprised subgrains with 15~150 nm in
size and accompanied by threading dislocations [3]. Generally, a lot of columnar
grains were embedded in the ZnO films grown by MOCVD [6-9]. PLD and RFMS
may be the most popular techniques for preparation of ZnO films, but they usually

require a high growth temperature (above 350°C or more).
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Atomic layer deposition (ALD) is another noteworthy method of growing
high-quality ZnO films [18-20]. ALD is a kind of CVD technique, however, contrary
to the conventional CVD, the reation in ALD precedes the reaction solely on the
surface of the substrate, leading to self-limiting and layer-by-layer growth. The
advantages of ALD are shown as follows:

1. easy and accurate thickness control

2. excellent conformality

3. high uniformity over a large area

4. good reproducibility

5. low defect density

6. pinhole-free structures

7. low deposition temperatures

8. large-area and large-batch capacity

from the advantages stated above, one can expect a uniform and good quality ZnO
deposited by ALD. And the crystal structure, optical and optoelectronic property will

be studied in this thesis.

1.2 Outline of this thesis

Four major topics are contained in this thesis. The first part is the structure and
optical property of the ZnO grown by ALD. The second part is the optical property of
ZnO:Al film with various Al doping concentration. The third part is the
electroluminescence of n-ZnO/p-GaN hetrojunction in both forward and reverse bias.
And the fourth part is the future works.

In chapter 2, a high-quality ZnO epilayer was grown on the (0001) sapphire
substrate by atomic layer deposition (ALD) and followed by high-temperature rapid

thermal annealing. The highly c-axis orientated and well crystallized ZnO epilayer
2



was manifested by the X-ray diffraction pattern and transmission electron microscopy
(TEM) images. The layer-by-layer growth and low deposition temperature of ALD
prevent the formation of columnar structures in the ZnO epilayer. High-resolution
TEM images indicate the presence of a distorted ZnO layer at the ZnO/sapphire
interface, which relaxes the misfit in ZnO and thus lead to a low threading dislocation
density in the ZnO epilayer. Photoluminescence spectrum consisted of a strong
ultraviolet spontaneous emission associated with the near-band-edge emission at 3.28
eV and a negligible defect-related band.

In chapter 3, ZnO and ZnO:Al thin films were grown on sapphire substrates by
atomic layer deposition (ALD). A low threshold of 33.3 kW/cm” was observed at
room temperature in the ZnO thin film with a thin Al,Os3 passivation layer. And a
threshold of stimulated emission decreases with the increasing Al concentrations was
observed. The reduction in the threshold of stimulated emission was attributed to
the increase in the optical scattering centers resulting from the segregation of excess
Al in the heavily doped ZnO:Al films. In order to investigate the role of random
lasing in the reduction of stimulated emission threshold of ZnO:Al thin film. Two
configurations of concentrated and spreading 6% Al doped ZnO films were grown by
atomic layer deposition (ALD). Two thresholds were observed and the appearance of
random lasing was shown by the collecting PL spectrums from different angles. This
result indicates that the reduction of stimulated emission threshold is actually related
to the random lasing.

In chapter 4, atomic layer deposition (ALD) technique and subsequent rapid
thermal annealing (RTA) were implemented to grow high-quality ZnO epilayers for
the fabrication of n-ZnO/p-GaN heterojunction light-emitting diodes. A competition
between the ELs from the #-ZnO (around 391 nm) and p-GaN (around 425 nm) is

observed. This competition may be ascribed to the ZnO/GaN interface states coupled
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with the differences between the n-ZnO and p-GaN in carrier concentration and light
emission efficiency. On the other hand, the effect of external feedback on the
ultraviolet (UV) electroluminescence (EL) from #n-ZnO/p-GaN heterojunction
light-emitting diodes at room temperature is also studied in this chapter. The back of
the c-Al,O3 substrate was deposited with aluminum as an external-feedback reflector.
Significant enhancement of the UV EL intensity and super-linear increase in the EL
intensity, as well as the spectral narrowing, with the injection current have been
observed, which are attributed to amplified spontaneous emission in the high-quality
ZnO epilayer grown by ALD.

In chapter 5, white-light electroluminescence from the #n-ZnO/p-GaN
hetrojunction light-emitting diodes operated at reverse breakdown bias. The EL
spectrum was composed of the blue light at 425 nm and broad yellow band around
550 nm. The chromaticity coordinate of the EL spectrum was estimated to be
(0.31,0.36), very close to (0.33,0.33) of the standard white light. In addition,
significant ultraviolet (UV) electroluminescence (EL) coupled with a red shift from
n-ZnO:Al/p-GaN:Mg hetrojunction light-emitting diodes was observed under the
reverse breakdown bias. The red shift in the EL spectral peak from 372 nm to 396 nm
was observed with the increase in the reverse breakdown bias. Theoretical
calculations were carried out to fit the EL spectra, indicating that the excitonic
Franz-Keldysh effect under a large electric field in the depletion region is responsible

for the red shift in the UV EL spectra.

1.3  Characteristics of ZnO
ZnO is a semiconductor with a direct band gap of 3.37 eV (Fig.1.1), when it

crystallizes in wurtzite structure (Fig.1.2), which in principle enables optoelectronic



Figure 1.1 the crystal structure of ZnO (wurtzite structure) which can be regarded
as a hexagonal closed packed structure with four basis atoms. In which the atoms 1

and 2 are anions (oxygen) and the atoms 3 and 4 are cations (zinc). [18]
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Figure 1.2 the tight binding method (TBM) band structure of ZnO (wurtzite

structure) of wavevector in [001] and [100] direction.
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applications in the blue and UV regions of the spectrum. The free exicton binding
energy of ZnO is 60 meV, and this large exciton binding energy (compared with 25

meV of GaN) makes the efficient excitonic emission in ZnO.

Crystal structure and lattice parameters

ZnO crystallizes in the wurtzite (B4 type) structure, as shown in Fig.1.1. This is a
hexagonal closed packed structure, belonging to the space group P63mc, and is
characterized by four basis atoms, two of which are Zn*" jons and others are O* ions,
as shown in the Fig.1.1. And the lattice parameters of the hexagonal unit cell are a =

3.2495A and ¢ = 5.2069 A.

n-type ZnO

The n-type nature of un-doped ZnO has usually been attributed to native point defects,
such as oxygen vacancy (Vo) or zinc interstitial (Zn;). However, this arguments is based on
indirect evidence, e.g. the electrical conductivity increases as the oxygen partial pressure
decreases, and the role of native point defects as sources of conductivity are only hypotheses
that are not supported by experimental observations [19]. Nowadays H atoms are thought as
the background donors that mainly responsible for the n-type conductivity of un-doped ZnO
because of its lower formation energy of H' than H and the low activation energy. However,
no matter which statement is true, it is undeniable that the native defects can strongly
influence the optical property of ZnO which induce the green or yellow defect band in the
luminescence of ZnO.

The group III elements Al, Ga, and In are donor dopants in ZnO, and can produce high
electron concentration larger than 10°° cm™ [20,21]. This high carrier concentration and low

resistivity make it possible to apply as transparent conducting oxide (TCO).



Stimulated emission in ZnO

Optically pumped stimulated emission (SE) of ZnO has been observed in many
researches. The efficient lasing (or low stimulated emission threshold) of excitonic
emission can be attributed to the larger exciton binding energy compared to other
wide band gap semiconductors. Exciton-exciton scattering-induced stimulated
emission is very important for the realization of low-threshold lasers since it occurs at
a threshold lower than that for the electron hole plasma (EHP) recombination.

In the intermediate excitation density regime emissions due to biexcitonic, exci-
ton-exciton, and exciton-carrier interactions may be observed. The inelastic collision
between the excitons results in an excitation of exciton into a higher state and a pho-

ton, as shown in Fig.1.3, with energy [22]:

E =E, - E;"(l —izj —%kBT (n=2,34,..,) (1.1)
n

where E, is the free exciton energy, E; is the binding energy of the exciton (60

meV for ZnO), n is the quantum number of the envelope function, and kg7 is the

thermal energy.

condifion band

- Exciton

> Exciton states
NN~

valence band

Figure 1.3 the band diagram of excion-exciton scattering. After the inelastic
collision between the excitons, one is excited into a higher state and the other is

transformed into a photon.
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Figure 1.4 the band diagram of band gap renormalization induced by many body

effect as the electron-hole concentration exceeds the Mott density.

At very high excitation intensities, an EHP forms beyond the “Mott density’’,

which is calculated using

k,T
ny = 3 pex
2a,E,

(1.2)

where the exciton Bohr radius ag =1.8A for ZnO. And with the excitation intensity
increase, the shirking of the band gap due to the many body effect causes the band
gap renormalization (cf. to Fig.1.4). Therefore, red shift of the characteristic peak of
EHP can be observed in the PL spectrum after the excited carrier density exceeds the
Mott density. Consequently, the stimulated emission originating from exciton
interactions and/or EHP recombination can be observed depend on the excitation

intensity and the quality of the samples.

1.4 Franz-Keldysh Effect [24]
The energy band profile tilts along the direction of the electric field if a uniform

electric field present in the semiconductor, as shown in Fig.1.5 In the presence of the



Figure 1.5 Franz-Keldysh effect or photon-assisted absorption in a bulk

semiconductor with a uniform electric field bias. [24]

electric field, the absorption can occur slightly below the band gap because of the
tunneling effect. The wave function for the conduction band electron can penetrate
through the band gap, and so does the hole wave function. Therefore, an absorption
tail below the band gap exists. The absorption spectrum above the band edge shows
an oscillatory behavior as a function of the photon energy due to the wave nature of
the electron and hole wave functions in the presence of the biased electric field
(Fig.1.6. The Schrodinger equation for the wave function ¢5(r) is

{_h_*vz L oF. r};(r) _ E4lr) (13)

2m,

F is the applied electric field in z direction, F = ZF . Because the potential energy efz
is independent of x and y, the wave function is plane-wave like in the x-y plane, and it

can be written in the form



)" )

(2m,
h2

2l

a(hw)/(

(h - Eg) Ih6f

Figure 1.6 Absorption spectrum for a finite field F#0 (solid line). The dashed line is

the free electron and hole absorption spectrum without an applied electric field (F=0).
[24]

#lr)="° i #(z) (1.4)

where A is the normalization constant. Therefore, the z-dependent wave function

#(z) satisfies

{— L d—2+€FZ}¢(Z)=EZ¢(Z). (1.5)

2m, dz
The total energy E is related to E. for the z-dependent wave function

hZ

ot (kf +ky2)+ E._. (1.6)

E

The solutions of the Schrodinger Eq. (1.5) are Airy functions Ai(Z) and Bi(Z), and Z

is the function of z as following

2m eF % E.
‘= K’ T el (1.7)

However, because the wave function has to decay as z approaches +oo, the Airy

function Ai(Z) has to be chosen. Therefore, the wave function satisfying the
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normalization condition is

VA N A
[ 2m, 1 || 2m eF _E,
05 G5 (=) 0.

The absorption spectrum can be obtained by summing over all the quantum states

with the overlapping between conduction and valance band wave functions. And can

be written as following

0

L \3/2
a(ha)) 4 (Zm,j 1/71:91,_[141'2(1)61’1' (1.8)

Tzl R
n
where
21~
e ‘e-pcv
n.ce,my@
and
2,22\ E —-ho
heF: hef’ . ’z':—EZ 3 n:g—.
2m; ho. no,

In conclusion, the Franz-Keldysh oscillation phenomena in the absorption spectrum
above the band gap and the exponentially decaying behavior below the band gap will

be obtained if the electric field is present in the semiconductor.
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Chapter 2
Structure of ZnO epilayer grown by atomic layer deposition

on the sapphire substrate

2.1 Introduction

Zinc oxide (ZnO) has attracted considerable attention as a promising material for
ultraviolet (UV) photonic devices such as light-emitting diodes and lasers [1-8]. ZnO
also has numerous applications in transparent electronics, piezoelectric devices, gas
sensors, solar cells, spin electronics, etc. [9]. The large excitonic binding energy (60
meV) of ZnO suggests that it has excellent UV light emission properties. ZnO also
has several other advantages: amenability to conventional wet chemical etching,
relatively low material costs, long-term stability, environmental friendliness,
biocompatibility, and excellent radiation resistance.

Many techniques have been used to grow high-quality ZnO films, including
molecular beam epitaxy (MBE) [10-14], metal-organic chemical vapor deposition
(MOCVD) [15-18], chemical vapor deposition (CVD) [19,20], pulsed laser
deposition (PLD) [21], radio-frequency magnetron sputtering (RFMS) [22-24], and
filtered cathodic vacuum arc technique [25,26]. Lim et al. reported that ZnO films
grown on the (0001) sapphire (c-Al,O3) at 200-275°C by electron cyclotron
resonance-assisted MBE were basically single crystals, which comprised subgrains
with 15~150 nm in size and accompanied by threading dislocations [12]. Generally, a
lot of columnar grains were embedded in the ZnO films grown by MOCVD [15-18].
PLD and RFMS may be the most popular techniques for preparation of ZnO films, but

they usually require a high growth temperature (above 350°C or more).
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Atomic layer deposition (ALD) is another noteworthy method of growing
high-quality ZnO films [27-29]. Unlike the other methods such as CVD, ALD
proceeds the reactions solely on the surface of the substrate, leading to self-limiting
and layer-by-layer growth. ALD offers many advantages, including easy and accurate
thickness control, excellent conformality, high uniformity over a large area, good
reproducibility, low defect density, pinhole-free structures, and low deposition
temperatures. Recently, Wojcik ef al. have examined how to control the preferred
orientation of polycrystalline ZnO thin films grown by ALD on the c-Al,O3, lime
glass, and (001) and (111) Si substrates at 230-400°C [30]. They have also reported
that the ALD ZnO thin films grown on Si substrates at low temperatures (90-200°C)
are high-quality polycrystalline with surface roughness of 1 4 nm [31,32]. In this
paper, we demonstrate a high-quality ZnO epilayer grown on the c-Al,Oj; substrate
using the ALD technique, followed by high-temperature rapid thermal annealing
(RTA). The resulting ZnO film exhibited optically-pumped stimulated emission with
a low threshold intensity, implying the high crystalline quality revealed by X-ray

diffraction (XRD) and transmission electron microscopy (TEM).

2.2 Sample preparation

A ZnO epilayer was deposited on the c-Al,O3 substrate (2 inch in diameter) at a
low deposition temperature of 180°C by ALD. We used a Cambridge NanoTech
Savannah 100 ALD system, with a reactor chamber of 4 inch in diameter and 5Smm in
height. Two precursors, Zn(C,Hs), (Diethylzine, DEZn) and H,O vapor, were carried

in by a N, flow. The following reactions proceed on the surface:

(A) Surface-OH + Zn(C,Hs), — Surface-O-Zn-C,Hs + C,Hg T

(B) Surface-O-Zn-C,Hs + H,O — ZnO + Surface-OH+ C,H¢ 1
16



The ALD process consisted of a number of identical cycles and repeated the reactions
in an ABAB... sequence. Each ALD cycle contained the following sequence: (A)
Pulsing time of DEZn was 0.01 s, followed by N, purge for 5 s, and (B) Pulsing time
of H,O was 0.1 s, followed by N, purge for 5 s. These precursor pulse duration and
purging time were set as the most appropriate condition for ZnO deposition in the
ALD system used in this experiment. Each ALD cycle deposited ~0.18 nm of ZnO.
After deposition, the films were treated by RTA at 950°C for 5 min in a nitrogen

atmosphere to improve the crystal quality.

2.3 Experimental procedure

The crystalline structure of the ZnO epilayer was characterized by XRD and
TEM. A PANalytical X'Pert PRO diffractometer with a wavelength of 1.54A was
used for the XRD measurement. TEM images were recorded using a Tecnai 30
electron microscope equipped with a lens of Cs=1.2 mm and operated at 300 keV.
The specimens for TEM observation were prepared by mechanical polishing and ion
milling with a Gatan Precision lon Polish System Model-691. Photoluminescence (PL)
spectra were measured in a standard backscattering configuration by collecting the
emitted light from top surface of the sample. A continuous-wave He-Cd laser (A= 325
nm) and a pulsed Nd-YAG laser (A= 266 nm, 10 ns pulse width, 15 Hz repetition rate)
were used as the excitation sources to measure the spontaneous emission and

stimulated emission of the ZnO epilayer at room temperature.

2.4 Results and Discussion
2.4.1 X-ray diffraction
Figure 2.1 shows the XRD pattern of the ZnO epilayer, indicating that it was

preferentially oriented with respect to the c-Al,Os substrate with the relation of
17
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Figure 2.1 X-ray diffraction pattern of the ZnO epilayer grown on the c-Al,Os
substrate.

Figure 2.2 Cross-sectional transmission electron microscopy (TEM) image of the

ZnO epilayer grown on the c-Al,O; substrate.
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(0001)ZnO//(0001)Al,0O3. The XRD 6-26 scan (the inset of Fig. 2.1) exhibited a sharp
ZnO (0002) peak with a full-width at half-maximum (FWHM) width of 0.06°. This

reveals high crystallinity with the c-axis orientation of the ZnO epilayer.

2.4.2 Cross-sectional TEM

Figure 2.2 shows a cross-sectional TEM image of the ZnO epilayer about 830
nm thick on the c-Al,Os substrate. In some deposition technology, the higher growth
rate along the ¢ axis than other directions results in a columnar morphology in ZnO
[11-18]. However, the columnar structures were not observed in the ZnO epilayer
grown by ALD and followed by RTA treatment. This is attributable to the
layer-by-layer growth and the low deposition temperature of 180°C in ALD. The RTA
treatment recrystallized the granular particles with strained lattices in the as-deposited

ZnO film to a highly crystalline single crystal with the preferred c-axis orientation.

2.4.3 High resolution TEM

Figure 2.3 displays a high-resolution (HR) TEM mage of an area including the
Zn0O and c-Al,Os substrate. Insets, a, b, ¢ and all at the right-hand side of the figure,
present the computer diffractograms (FFT images) of the areas indicated by a, b, and
¢ and of the whole area in the HRTEM image, respectively. Diffractogram c¢ reveals
that the ZnO is oriented with the [0110] axis parallel to the incident beam and the
[0001] axis normal to the film surface. The interfacial area b exhibiting brighter
contrast can be also identified as ZnO crystal with almost the same orientation with
the crystal in ¢. The difference in contrast between ¢ and b might be caused by very
small difference in the diffraction condition. Thus, the dark area ¢ and the bright area
b are almost similar in the crystal structure, although they are not the same because

the lattices of interfacial area b are more distorted under the influence of the
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Figure 2.3 High-resolution TEM (HRTEM) image of an area including the
Zn0O/AlL,O3 interface. Computer diffractograms are of the small areas indicated by a, b,
and c and the whole area (all). Indexes in diffractogam a correspond to the lattice
fringes of Al,Os crystal and indexes in diffractograms b and c¢ correspond to the
lattice fringes of ZnO crystal. In the diffractogram all, the spots enclosed by large

circles come from ZnO and the spots enclosed by small circles originate from Al,Os.

c-Al,O; substrate lattice as seen in the HRTEM image. The Al,O; crystal including
the area a is nearly oriented with the [2110] axis parallel to the incident beam and the
[0001] axis normal to the film surface, which indicates that the ZnO crystal was
grown in the epitaxial relation with respect to the c-Al,O3: [0001]Zn0O//[0001]AL0;
and [0110]zn0// [2110]ALO;. The lattice of ZnO crystal in the interfacial area is
conjugated rather homogeneously and coherently with the lattice of c-Al,Os crystal,
with very few threading dislocations (also sees Fig. 2.2). It should be noted that the

threading dislocations used to occur in the ZnO crystals grown by other methods due
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to a lattice misfit as large as 18 % between ZnO and c-Al,O; [12]. The ZnO grown on
c-AlL,O3 by ALD might relax the misfit by distorting its lattice in the interfacial layer.
Consequently, the ZnO crystal developed to the single crystal as seen in Fig. 2.2, in a
short annealing time of 5 min. Figure 2.4 shows an HR-TEM image of the ZnO
epilayer, whose area is indicated by the square in Fig. 2.2. The image reveals that the
crystal is a nearly perfect ZnO crystal although some lattice distortion still appears as
the traces of coalescence growth between the granular particles in the as-deposited
ZnO film.

The spots in the diffractogaram of the whole area in Fig. 2.3, all, can be indexed
as the spots form the ZnO and Al,O; lattice fringes. We cannot recognize any other
crystal in our specimen although Wang et al. identified Al,ZnO4 phase in a TEM
image at the interface between ZnO and ALO; [21]. The Al,ZnO4 phase might be
formed by the reaction of ZnO and Al,O3 during PLD at a high growth temperature of
600°C and a long annealing treatment at 900 °C for 2 h. In this study, the ALD growth
temperature was as low as 180°C and the post-deposition annealing treatment was
short (950°C for 5 min). However, we can see extraordinarily bright spots (some
examples of which are indicated by arrowheads in Fig. 2.3) in the lattice fringes in the
HRTEM image, which may be ascribed to the substituted Al atoms in the interfacial
ZnO layer and the Al vacancies in the Al,Oj; crystal near the interface. Therefore, it is
reasonable to assume that the Al atoms might diffuse from the substrate to the ZnO

crystal during the RTA treatment.

2.4.4 Optical property
The high crystallinity shown in the XRD and TEM measurements suggests good

light emission properties of the ZnO epilayer grown by ALD. Figure 2.5 shows the
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Figure 2.4 HRTEM image of the area enclosed by a square in Fig. 2.2.
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Figure 2.5 Spontaneous emission PL spectrum of the ZnO epilayer pumped by a

CW He-Cd laser at room temperature. The inset is the plot of the same PL spectrum
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spontaneous emission PL spectrum of the ZnO epilayer at room temperature. The PL
spectrum exhibited a strong near-band-edge (NBE) emission at 3.28 eV, nearly free of
the defect-related band. The inset of Fig. 2.5 presents the same PL spectrum in
logarithm scale, indicating a very weak defect-related band at 2.57 eV associated with
the oxygen vacancy (Vo) [8]. It can be observed that the intensity of the NBE
emission (3.28 eV) is about two orders of magnitude larger than that of the

defect-related band (2.57 eV).

2.5 Summary

This study presents the structure and spontaneous emission of the ZnO epilayer
grown on c-Al,O; by ALD and treated by post-deposition RTA process. XRD
measurement indicates that the ZnO epilayer was highly c-axis orientated. The
cross-sectional TEM images show that the columnar structures were not formed in the
ZnO epilayer, which may be attributed to the layer-by-layer growth and low
deposition temperature of ALD. The HRTEM images display that a distorted ZnO
layer exists at the ZnO/sapphire interface. Because of the relaxation of the misfit by
the interfacial distorted layer coupled with the layer-by-layer growth of ALD, no
obvious threading dislocations appeared in the TEM images even though the lattice
mismatch between ZnO and c-Al,O31s up to 18 %. A dominant UV emission at 3.28
eV with a negligible defect band was shown in the spontaneous emission PL spectrum
ascribed the good crystalline quality of the ZnO epilayer, indicating that the ZnO
epilayers grown by the ALD technique are applicable to next-generation UV photonic

devices.
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Chapter 3
Stimulated Emission in ZnO and ZnO:Al Thin Films Grown

by Atomic Layer Deposition

3.1 Introduction

The ALD technique was used to grow ZnO and aluminum doped ZnO (ZnO:Al)
films on sapphire substrates. High-temperature post-deposition annealing and an
Al,O3 surface passivation layer deposited by ALD improve the light-emission
characteristics of ZnO. This chapter discusses the room-temperature stimulated
emission with a low threshold value in ZnO films grown by ALD.

The doping of ZnO with group-III impurities such as Al shows improved
conductivity. Recently, lowering of stimulated emission threshold in ZnO by doping
with thermally diffused Al had been investigated [1]. In this chapter, the ALD
technique and the high-temperature post-deposition annealing were employed to
prepare the Al-doped ZnO (ZnO:Al) films with Al doping percentages of 2% and 4%.
The threshold of stimulated emission was found to decrease with the increasing Al
doping percentage and a low lasing threshold in the ZnO:Al films was achieved at
room temperature.

In order to observe the affect of random lasing in the reduction of the stimulated
emission threshold of ZnO:Al films, the stimulated emission of two different kinds of
doping configuration of 6% ZnO:Al thin film is investigated. Two thresholds were
observed in the integrated-intensity versus excitation plot. The two thresholds were

identified as threshold of random lasing and threshold of electron-hole plasma.
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3.2 Stimulated emission in undoped ZnO thin film
3.2.1 Sample preparation

ZnO thin films were deposited on a (0002)-oriented sapphire substrate held at
180°C, with two precursors, Zn(C,Hs), (Diethylzinc, DEZn) and H,O, carried in by a

N, flow:

Reaction (A) Surface-OH + Zn(C,Hs), — Surface-O-Zn-C,Hs + C,Hg

Reaction (B) Surface-O-Zn-C,Hs + H,O — Surface-O-Zn-OH + C,Hg

The ZnO films were deposited by repeating these reactions in an ABAB... sequence.
Reactions A and B comprise one ALD cycle. Each ALD cycle contains the following
sequence: DEZn, 0.01 sec.— N, purge, 5 sec.— H,0, 0.1 sec.— N, purge, 5 sec., and
deposited ~1.8 A of ZnO. The ZnO films grown by ALD in this study were
approximately 200 nm thick. After deposition, the films were annealed using a
furnace at 1000°C for 2 hours in a nitrogen atmosphere to improve crystal quality.
Subsequently, a 10-nm Al,Os film was deposited on top of the ZnO films by ALD at a
substrate temperature of 300°C. Al(CHj3)s (Trimethylaluminum, TMA) and H,O are

the precursors for Al,O3 deposition through the following chemical reactions:

Reaction (C) Surface-OH + AI(CH3); — Surface-O-Al(CHs), + CH4

Reaction (D) Surface-O-Al(CHs), + 2H,0— Surface-O-Al-(OH), + 2CHg4

Pulse durations were 0.03 sec. for TMA, 0.1 sec. for H,O, and 5 sec. for the N, purge.
The Al,O; thin film was utilized to passivate the surface and reduce unwanted

nonradiative recombination at the surface.
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3.2.2 Experiment procedure

The crystalline structure of the ZnO film was characterized by X-ray diffraction
(XRD), and its photoluminescence (PL) was measured at room temperature using a
fourth harmonic Q-switched Nd:YAG laser (wavelength = 266 nm, 10 ns pulse with
15 Hz repetition rate) as the excitation source. The PL spectra were measured in a
standard backscattering configuration, where the light emission from the top surface
of the sample was collected. The optical gain spectrum of the ZnO film was

investigated using the variable stripe length (VSL) technique.

3.2.3  Crystal quality

Figure 3.1 shows the XRD measurement of the post-annealed ZnO film without
the AlLOj; surface passivation layer. The appearance of a sharp ZnO (0002) peak
reveals that the ZnO film has high crystallinity with c-axis orientation. Figure 3.2
shows that the full-width at half-maximum (FWHM) of the ZnO (0002) XRD peak
decreases from 0.245° for the as-deposited film to 0.084° (the Kal peak) for the
post-annealed film, and the peak intensity is much higher for the post-annealed film.
This demonstrates that the high-temperature post-annealing improves the crystal
quality. The average grain sizes of the as-deposited and post-annealed films can be

estimated by Scherrer’s equation:

Do 091 3.1
BcosOp

where D is the grain size, 4 is the X ray wavelength, B is the FWHM of the diffraction
peak, and 6y is the Bragg diffraction angle. The average grain sizes of the
as-deposited and post-annealed films were calculated to be 34 nm and 99 nm,
respectively, indicating that the high-temperature post-annealing greatly increases the

grain size.
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Figure 3.1 XRD pattern of the post-annealed ZnO film without the Al,Os surface
passivation layer.
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Figure 3.2 XRD patterns of the as-deposited and post-annealed ZnO films without
the Al,O; surface passivation layer.
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3.2.4 Stimulated emission

Figure 3.3 shows the PL spectra at various excitation intensities of the
post-annealed ZnO film with the Al,Os surface passivation layer. As the inset in Fig.
3.3 indicates, the PL spectrum exhibited UV spontaneous emission at 380 nm with
negligible defect-related band at an excitation intensity of 17.2 kW/cm®. This UV
emission may be attributed to the radiative recombination of free excitons [2]. When
the film was excited at a pumping intensity of 39.5 kW/cm®, a spectral peak
associated with the exciton-exciton scattering appeared around 392 nm. In the
exciton-exciton scattering process, one of the two excitons scatters into a higher
energy state while the other exciton recombines radiatively to emit a photon with the

energy given by [3,4]

or 1 3
En :Eex _EB (I_I’I_Z]_EkBT (32)

where E,_  is the free exciton energy, E;° is the binding energy of exciton, 7 is the

intensity (a.u.)
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Figure 3.3 Room-temperature PL spectra of the post-annealed ZnO film with the
Al,O; surface passivation layer at various excitation intensities. The inset is the PL
spectrum at an excitation intensity of 17.2 kW/cm®.
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quantum number of the excited exciton, and k,7 is the thermal energy. The
difference between E, and E, (n>>2) according to Eq.(3.2) is 99 meV, which

agrees well with the experimental result.

As the excitation intensity was increased to 55.7 kW/cm?, Figure 3.3 shows that
two spectral peaks appeared. The spectral peak at 392 nm corresponds to the
exciton-exciton scattering process, and the spectral peak emerging at 395 nm is
attributed to the electron-hole plasma (EHP) [3]. At high excitation intensities, the
exciton concentration reaches the Mott density where the excitons overlap with each
other, lose their individual character, and eventually become EHP. The Mott density

in ZnO as estimated by Klingshirn et. al. is [5]

ni% = 3x10"7 em™3 (3.3)

The exciton concentration n, in the sample in this study can be estimated using the

following expression [5]
n = I excz-
p (3.4)
ho, !
where [,  and hw,, are the intensity and photon energy of the pumping light, and

[ 1is the film thickness. 7 is the exciton lifetime, with a typical value of 300 ps [6].
At the excitation intensity 7, =55.7kW/cm’, the exciton concentration estimated

by Eq.(3.4) was approximately 1.12 x10'™ cm™, which is greater than the Mott
density given by Eq.(3.3). Thus the EHP was formed and the emission from EHP was
observed. A further increase in the excitation intensity causes an increase in the EHP
concentration, which in turn contributes to the bandgap renormalization. As a result,
the spectral peak associated with EHP gradually broadens and shifts toward longer
wavelength. Since the diameter of the focused incident laser beam in this study was

about 1 mm, which is much larger than the film thickness, the stimulated emission
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likely resulted from amplified spontaneous emission (ASE) in the direction parallel to
the film surface. This observed stimulated emission in the direction perpendicular to
the film surface may be attributed to the scattering of the ASE propagating in the

in-plane direction by the crystalline grains [2].

3.2.5 AL Oj; surface passivation

Figure 3.4 shows that the integrated PL intensity increases super-linearly with
the excitation intensity. The appearance of the spectral peaks as well as the
super-linear increase in the emission intensity with the excitation intensity indicate
that the stimulated emission occurs at a low threshold intensity of 35.1 kW/cm? for
the post-annealed ZnO film with the Al,O; surface passivation layer. This threshold
intensity for stimulated emission of the ZnO film grown by ALD is much smaller
than that of GaN thin films (800 kW/cm?®) [7,8], suggesting that the ZnO film grown

by the ALD technique has a high optical quality.
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Figure 3.4 The integrated PL intensity as function of the excitation intensity of the

post-annealed ZnO films with and without the Al,O; surface passivation layer.
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Figure 3.5 PL measurements of the as-deposited ZnO films with and without the

AlLOj; passivation layer: (a) PL spectra at an excitation intensity of 244 kW/cm®. (b)

The integrated PL intensity as function of the excitation intensity.
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The integrated PL intensity versus the excitation intensity for the post-annealed
ZnO film without the Al,O3 surface passivation layer is also plotted in Fig. 3.4. It is
shown that the ALD Al,O; layer effectively passivates the ZnO surface, reducing
surface nonradiative recombination and thus lowering the threshold of stimulated
emission from 49.2 kW/cm® to 35.1 kW/cm®. The PL spectra and the integrated PL
intensity vs. excitation intensity relationship of the as-deposited ZnO films with and
without the Al,Os3 surface passivation layer are shown in Fig 3.5 It is clearly shown
that the nonradiative recombination at the ZnO surface is suppressed by the ALLO;
layer and thus the PL intensity is larger for the sample with the Al,O; layer. As
compared with Fig. 3.4, no super-linear increase in the PL intensity with the
excitation intensity was observed in Fig. 3.5(b) for the as-deposited samples,
indicating that the high-temperature post-deposition annealing greatly improves the

crystal quality to achieve the low-threshold stimulated emission in ZnO films.

3.2.6 Gain spectrum

Figure 3.6 shows the optical gain spectra of the ZnO film as measured by the
variable stripe length (VSL) technique [9]. The sample was optically excited by a
fourth harmonic Q-switched Nd:YAG laser with excitation intensities of 59.2 kW/cm®
and 102.6 kW/cm®. A cylindrical lens focused the laser beam to form a 100pm-wide
stripe on the ZnO film surface. A variable slit changed the length of the stripe from
0.025 cm to 0.2 cm. The ASE spectra were collected from the edge of the stripe. The
ASE spectra were analyzed using the standard one-dimensional optical amplifier
model [10],

1
g (3.5)

where /ase is the ASE intensity, /s is the spontaneous emission intensity, g is the
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Figure 3.6 The optical gain spectra of the post-annealed ZnO film with the Al,O;
surface passivation layer at excitation intensities of (a) 59.2 kW/cm® and (b) 102.6
kW/cm®.

optical gain coefficient, and L is the length of the excitation stripe. Compared with the
stimulated emission spectra in Fig. 3.3, the positive optical gain around 392 nm and
397 nm in Fig. 3.6(a) may correspond to the exciton-exciton scattering and EHP,
respectively. At higher excitation intensity as shown in Fig. 3.6(b), the maximum
optical gain shifts to 399 nm, which is attributed to the bandgap renormalization
associated with EHP. The optical gain spectra confirm that the stimulated emission in

ZnO films causes the spectral peaks in the PL spectra as shown in Fig. 3.3.

3.2.7 Al doping effect
Table 3.1 summarizes the electrical properties of the as-deposited and

post-annealed ZnO films, including carrier type, carrier concentration, mobility, and
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resistivity. A remarkable feature is that the carrier concentration increases by about
one order of magnitude after the high-temperature post-annealing. Secondary ion
mass spectrometry (SIMS) shows that Al atoms appear in the post-annealed ZnO film.
The Al concentration is highest at the ZnO/sapphire interface, and gradually
decreases as the probe depth approaches the sample surface. This indicates that the
high-temperature post-annealing caused the Al atoms to diffuse from the sapphire
into the ZnO film. The Al doping in the ZnO film results in the increase in electron
concentration and the decrease in the oxygen vacancies, which in turn reduce the

nonradiative recombination [11,12]:

AlLO; + V2 = 2415, +30; 56

Thus the Al doping effect also leads to the lowering of the stimulated emission

threshold in the ZnO films.

Table 3.1 Hall effect measurements of the as-deposited and post-annealed ZnO

films.
Carrier concentration ~ Mobility — Resistivity
Sample Carrier type
(cm™) (cm?/Vs) (Qcm)
As-deposited n-type 1.32 x 10" 48.5 0.97
Post-annealed n-type 2.76 x 10" 16.1 0.14
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3.3 Reduction in stimulated emission threshold of ZnO:Al
3.3.1 Sample preparation

The Al-doped ZnO thin films were deposited by ALD on the (0002)-oriented
sapphire substrate held at 180°C. The ALD process consisted of two kinds of cycles,
one of which contained the following sequence: DEZn, 0.01 sec.— N, purge, 5 sec.—>
H,0, 0.1 sec.—> N, purge, 5 sec. for the growth of ZnO (cycle A), and the other
contained TMA, 0.03 sec.— N, purge, 5 sec.— H,O, 0.1 sec.— N, purge, 5 sec. for
the doping of Al (cycle B). The ALD cycle B was uniformly or concentratedly
distributed in total 1000 ALD cycles. The ratios of the number of A and B cycles
were 49:1, 24:1 and 16:1 to prepare the ZnO:Al films with 2%, 4% and 6% Al doping
percentages, respectively. After deposition, the films were annealed at 1000°C for 2
hours in nitrogen atmosphere using a furnace to improve the crystalline quality. The
post-annealed ZnO:Al films were analyzed by X-ray diffraction (XRD),

photoluminescence (PL) and Hall effect with the van der Pauw configuration.

3.3.2 Crystal quality

Figure 3.7 shows the XRD patterns of the post-annealed ZnO:Al films. Only the
appearance of ZnO (0002) peak reveals that the samples have high crystallinity with
(0002) preferred orientation, even with the Al doping percentage up to 4%. Figure 4.1
also shows the full-width at half-maximum (FWHM) of the ZnO (0002) Kal peak
versus the Al doping percentage, indicating that the FWHM increased from 0.08° to
0.12° with increasing Al concentration. The broadening of the ZnO (0002) peak might
result from the distortion of ZnO crystal structure due to the doping of Al. Since the
solid solubility limit of Al in ZnO is only 2 mole% [13], a large amount of Al atoms
might segregate from the surrounding ZnO, leading to the dramatic broadening of

Zn0 (0002) peak in the ZnO:Al films with 4% Al doping percentages.
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Figure 3.7 XRD patterns and FWHM widths of the (0002) peaks of the ZnO:Al
films with Al doping percentage of 0%, 2%, and 4%.

3.3.3 Reduction of the stimulated emission

The PL spectra of the ZnO:Al films were measured at room temperature using a
fourth harmonic Q-switched Nd:YAG laser (266 nm, 10 ns, 15 Hz) as the excitation
source. The PL measurement was conducted in the standard backscattering
configuration where the light emission from the top surface of the sample was
collected. The PL spectra of the ZnO:Al films with 0% and 4% Al doping percentage
are shown in Fig. 3.8 and Fig. 3.9, respectively. The spontaneous emission associated
with the free excitons or donor bond excitons at 383 nm (3.23 eV) was observed at
low excitation intensity [2,14]. An increase in the excitation intensity causes the
exciton concentration to reach the Mott density, where the excitons overlap with each

other, lose their individual character, and eventually become electron-hole plasma
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Figure 3.8 PL spectra of the ZnO:Al film with 0% Al doping percentage. The inset
is the integrated PL intensity as a function of the excitation intensity.
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Figure 3.9 PL spectra of the ZnO:Al film with 4% Al doping percentage. The inset
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(EHP). Thus a spectral peak attributed to EHP appears around 394 nm (3.14 eV) at
high excitation intensities [3]. With further increase in the excitation intensity, the
EHP peak gradually dominates the emission spectrum and shifted toward lower
energy due to band gap renormalization [3,15-18]. The inset of the Fig. 3.8 and Fig.
3.9 shows the plot of the integrated PL intensity versus the excitation intensity. The
integrated PL intensity is seen to increase super-linearly with the excitation intensity.
The appearance of the spectral peaks as well as the super-linear increase of the
emission intensity with the excitation intensity indicate that the stimulated emission
in the ZnO:Al film take place. The thresholds for stimulated emission of the samples
with 0% and 4% doping percentages are 49.2 kW/cm” and 12.2kW/cm’, respectively.

Since the diameter of the incident laser beam in this study was about 1 mm,
which is much larger than the film thickness, it is likely that the stimulated emission
was caused by the closed loop paths in the direction parallel to the film surface via
multiple scattering between optical scattering centers and crystalline grains. The
scattering of the stimulated emission propagating in the in-plane direction might lead
to the observed stimulated emission in the direction perpendicular to the film surface
[13].

Figure 3.10 shows the threshold for stimulate emission of ZnO:Al films as a
function of the Al doping percentage. With increase in the Al doping percentage, the
threshold of stimulated emission drops from 49.2kW/cm® to 12.2kW/cm®. Table 3.2
summarizes the electrical properties of the ZnO:Al films characterized by the Hall
effect measurement using the van der Pauw configuration. The electron
concentrations of all samples are of the same order of magnitude (10'® cm™) and do
not increase with the Al doping percentage, suggesting that the Al atoms do not
contribute to the electron donors in the heavily doped ZnO:Al films. As mentioned

above, a large amount of Al atoms may segregate in the heavily doped ZnO:Al films
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Figure 3.10 Threshold for stimulate emission of ZnO:Al films versus the Al

dopingpercentage.

Table 3.2 Hall effect measurement of the ZnO:Al films with Al doping percentage
of 0%, 2%, and 4%.

Mobility Resistivity

Sample Type Carrier concentration
(cm?/Vs) (Qcm)

0% n 2.76x10"® 16.12 0.14
2% n 2.369 x10'" 48.49 0.054
4% n 1.16 x10" 13.5 0.398
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due to the solid solubility limit of Al in ZnO [13]. The segregation of Al might result
in strong optical scattering in the ZnO:Al films. The increase in optical scattering due
to the increasing Al doping percentage may facilitate the formation of closed-loop
paths for light through multiple optical scattering, leading to the decrease in the
threshold of stimulated emission [19,20]. It is also seen in Fig. 3.9 that there are many
narrow spectral peaks appearing upon the emission spectra of the ZnO:Al film with
4% Al doping percentage. However, the 0% doping sample exhibits relatively smooth
emission spectra, as shown in Fig. 3.8. The appearance of the narrow spectral peaks
upon the spectra of 4% doping sample may be attributed to the constructive
closed-loop paths due to optical scattering provided by the Al segregation in the

heavily doped ZnO:Al films [21,22].
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3.4 Random lasing in heavily doped 6% ZnO:Al thin film
3.4.1 Sample configuration

As shown in Fig. 3.11, two kinds of doping configuration were performed in
growing 6% aluminum doped ZnO thin films. In configure A, aluminum is uniformly

distributed into ZnO thin film, and concentrated doping in configuration B.

Configuration A Configuration B

Figure 3.11 Two different configuration of Al doped ZnO:Al thin films. Configure
A is the uniformly doped ZnO:Al film, and configure B is the concentrated doped
ZnO:Al.

3.4.2 Crystal quality

Figure 3.12 shows the ZnO x-ray diffraction pattern, the appearance of (0002)
peak of two samples reveals that the ZnO films were crystallized with c-axis
orientation. The full-width at half-maximum (FWHM) of the spread doping peak and
concentrated doping peak are 0.177° and 0.169°. Using the Scherrer’s formula, Eq.
(3.1), which is used to estimate the size of very small crystal, the grain size of the two
samples was estimated to be 47nm and 49nm. These two samples have similar grain

size.
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Figure 3.12 The XRD patterns measured in 0-20 configuration, normalized by the
intensity of ZnO (0002) peak. (a) the 6% Al doped ZnO grown by spread doping
configuration; (b) the 6% Al doped ZnO grown by concentrated doping configuration.

3.4.3 Stimulated emission with random lasing

Figure 3.13 shows the photoluminescence (PL) of spread doped sample which
was measured at room temperature using a fourth harmonic Q-switched Nd:YAG
laser (266 nm, 10 ns, 15 Hz) as the excitation source. The PL spectrum was measured
in backscatter configuration, and various excitation powers were performing to study
its optical property. The spectrum of spread doping sample shows many spectral
peaks (FWHM is 4meV, 0.5nm) between 3.2eV to 3.1eV at low excitation power, and
as the excitation power increase, the spectral of the same range turn into a broad peak
with some small peaks. The integral intensity of the spectrum is shown in the inset of

Fig. 3.13, we can find out that there are two thresholds, one at 6.9kW/cm? and the

45



;;' v
p— :‘;‘-
5
- £ ] v
S5 |3
[\
3 E i 1
> =
H T T T T T
'(7, 1 0 5 10 15 20 25
cC excitation density ( kW/cm?)
GJ 1 2
= | 24.5 kW/cm
= 9 I 18.7 kW/cm?
8.7 kWiem’ —— gl
1 IV 55 kW/cm®
vV 3.9 kwW/em®

37 36 35 34 33 32 31 30 29
photon energy (eV)

Figure 3.13 The photoluminescence spectrums of the spread doping sample of
various excitation powers. The inset is the integral intensity of different excitation

powers.

other at 18.4kW/cm?. Combine these two information, we conceive that there are two
lasing threshold, the first one begin at 6.9 kW/cm® excitation intensity and shown
many spectral peaks, and the other started from 18.4kW/cm® and turn into a broad
peak.

In Fig. 3.14 and the inset plot, the photoluminescence spectrum of the
concentrated doping sample, also shows two thresholds when the pumping power
increase, the first lasing threshold at 39.5 kW/cm® and the second one at 119.6
kW/cm®. The spectrums initially appear many spectral peaks between 3.2eV to 3.1eV;
as the excitation power raised the peaks were growing up and extend to lower
photonic energy. Compare to Fig. 3.13, the major difference between them is the

intensity of spontaneous emission (3.26eV) in Fig.3.13 is increasing with pumping
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Figure 3.14 The photoluminescence spectrums of the concentrated doping sample
of various excitation powers. The inset is the integral intensity of different excitation

powers.

energy increase, but the spontaneous emission intensity of Fig. 3.14 is nearly the
same as the excitation power raise. This is due to the more completed cavities formed
in the concentrated doping sample, and the spontaneous emission light are absorbed
and depressed between scattering trips [23,24]. In addition, at high excitation power,
the spectral peaks are more obvious in concentrated doping sample than the spread
doping sample. As well, the phenomenon is resulted from the more completed
scattering cavities in the film. The scattering cavities in ZnO films are originated from
the segregation of AlOy, which is introduced by Al doping step in ALD growing
procedures and the post annealing process. The reason of the formation of the AlOy
segregation is that the Gibbs free energy of formation (A Gy of AlL,O; is —1582.3

kJ/mol and is —320.5 kJ/mol of ZnO [25], therefore lots of AlOy segregation must be
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formed in the films after annealing process. As the segregation formed, the light in the
film was scattered between the segregations and construct a close loop as a cavity.
Seeing into the insets of Fig. 3.13 and Fig. 3.14, they appear different threshold
intensity, but roughly the same ratio of the first and second threshold of the two
figures, one is 2.67 and the other is 3.02. This means two samples were experienced
the same mechanism in lasing process except the different level of scatter. And the
different threshold intensity is originated from the different electron concentration of
them. From the Hall Effect measurement, the concentration of two samples were
obtained, 9.9x10'® cm™ for spread sample and 2x 10'® cm™ for concentrated sample,

therefore, different excitation power had to be imposed to achieve the Mott density

[9,26].
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Figure 3.15 The photoluminescence spectrums of concentrated doping sample in 0°,

30° and 60° directions.
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3.4.4 Examining of random lasing

Facing to the physical meanings of the two lasing threshold, we treat the second
threshold first. According to the broad shape and the photonic energy of 3.14eV of the
spectral peak in the spectrum behind the second threshold, it is easy to identify the
second threshold comes from the electron-hole plasma (EHP) mechanism of
stimulated emission [9]. Dealing with the first threshold, we performed the
experiment that excited the concentrated doping ZnO film with about 50 kW/cm® of
266nm Nd-YAG laser in backscattering configuration and measure the
photoluminescence from 0°, 30°, 60° respect to the incident line. The result is shown
in Fig. 3.15 that the lasing spectral peaks were observed in all direction. From the
random lasing theory, the emitting case unlike conventional laser, the laser can be
detected in all directions [22]. With above-mentioned, the lasing phenomenon

between first and second threshold is identified as random lasing.

3.5 Summary

ZnO films were grown on sapphire substrates by ALD, followed by
high-temperature post-annealing and surface passivation by overcoating an ALD
AlLOs layer. The post-annealing improves the crystallinity of the ZnO films and the
ALO; surface passivation layer effectively suppresses surface nonradiative
recombination. PL measurements in the backscattering configuration show that the
room-temperature stimulated emission associated with the exciton-exciton scattering
and EHP has a low threshold of 35.1 kW/cm®. The high-quality ZnO film and Al,O;
surface passivation layer grown by the ALD technique, as well as the Al doping effect
caused by the thermal diffusion of Al from the sapphire into the ZnO may contribute
to this low-threshold stimulated emission.

Reduction in stimulated emission threshold in the heavily Al-doped ZnO films
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with Al doping percentage up to 4% was present. Even with the Al doping percentage
up to 4%, the ZnO:Al film is highly crystalline with c-axis orientation. The increase
in the Al concentration causes the decrease in the threshold of stimulated emission,
from 49.2kW/ecm®> of 0% to 12.2kW/cm® of 4% Al doping percentage. The
segregation of excess Al in the heavily doped ZnO:Al films might contribute to the
optical scattering centers, resulting in close-loop paths and coherent feedback, and be
responsible for the reduction in the threshold of stimulated emission with the
increasing Al doping percentage.

The 6% ZnO:Al films with uniformly distributed and concentrated
configurations are fabricated to investigate the effect of optical scattering centers in
Zn0:Al thin film on threshold reduction. Because of the AlOy segregations present in
the ZnO:Al film scattered the light to from constructive close loops as cavities, there
is random lasing phenomenon appearing when the excitation intensity reached the
first threshold. As the pumping power gradually increase, the second threshold turned
on with the occurrence of electron-hole plasma mechanism. According to the integral
intensity plots of the two samples, the ratio of the first and second thresholds of each
is about 3, this means the two samples were experienced the same mechanism in
lasing process except the different level of scatter. From this study we can get a high
crystalline, low random lasing threshold, and good emitting property ZnO film. These
results indicate that the ALD technique is useful in preparing high-quality ZnO films

for next-generation UV LEDs and lasers.
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Chapter 4
Ultraviolet Electroluminescence of n-ZnO/p-GaN

Heterojunction Light-Emitting Diodes at Forward Bias

4.1 Introduction

Although ZnO technology has considerably been progressing, it is still difficult
to prepare reproducible and stable p-type ZnO films with high carrier concentration
and low resistivity [1],[2]. Since ZnO and GaN have the same crystal structure
(wurtzite) with a small in-plane lattice mismatch (1.8%), p-type GaN would be
substituted for the p-ZnO. Actually, several investigators have been reported on
n-ZnO/p-GaN heterojunction light-emitting diodes (LEDs) [3],[4],[5]-[8]. However,
since the electron injection from n-ZnO dominates over the hole injection from
p-GaN due to the higher carrier concentration in #n-ZnO, the electroluminescence (EL)
originates mainly from the p-GaN side in the n-ZnO/p-GaN heterojunction LEDs
[3],[5]-[7]. Only Rodgers et al. demonstrated room-temperature (RT) EL from the
n-ZnO side in the n-ZnO/p-GaN heterojunction, which was ascribed to the high
crystal quality of n-ZnO layer grown by PLD [4]. However, the injection pulsed
current is quite large (from 500 to 875 mA) in reference 15 for the observation of UV
EL from ZnO.

In the first part of this chapter, the ALD technique was applied to grow
high-quality n-type ZnO epilayer on the p-type GaN to fabricate a heterojunction
LED. RT EL at 391 nm has been observed from the n-ZnO side in the n-ZnO/p-GaN
heterojunction LED at a low DC injection current. The competition between the ELs
from the n-ZnO and p-GaN is elucidated, taking account of the results of

photoluminescence (PL), electrical measurements, X-ray diffraction and electron
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microscopy observations. In second part, aluminum was evaporated on the back of
the c-Al,O3 substrate to serve as an external-feedback reflector. The external optical
feedback and ASE significantly enhance the UV EL from the high-quality ZnO

epilayer at room temperature.

4.2 UV electroluminescence of n-ZnO/p-GaN heterojunction LED
4.2.1 Sample preparation

Figure 4.1 shows the schematic structure of the n-ZnO/p-GaN heterojunction
LED we fabricated. First, a thin GaN buffer layer 30 nm thick and a thick
undoped-GaN layer 2.5 pm thick were successively deposited on the c-Al,O;3
substrate by MOCVD. Next, a Mg doped GaN (p-GaN:Mg) layer 300 nm thick was
also deposited by MOCVD. The Hall effect measurement with the van der Pauw
configuration reveals that the effective hole concentration and mobility in this

p-GaN:Mg layer are approximately 2.6x10'7 cm™ and 11.9 cm®*V''s™”, respectively.

Al |
540nm

n-ZnO, ALD | NitAu

300nm p-type GaN:Mg MOCVD

2.5 ym undoped GaN MOCVD

30nm GaN buffer layer MOCVD
sapphire

Figure 4.1 The device structure of the n-ZnO/p-GaN heterojunction LED.
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Afterwards, a ZnO layer 540 nm thick was grown at 180°C on the p-GaN by ALD.
The two precursors, diethylzinc (DEZn, Zn(C,Hs),) and H,O, were carried in by an
N, flow. The ALD process consisted of 3000 identical cycles, each of which
contained the following sequence: DEZn, 0.01 s — N; purge, 5 s - H,0, 0.1 s &> N,
purge, 5 s and deposited ~ 0.18 nm of ZnO. After deposition, the ZnO layer was
treated at 950°C for 5 min in N, atmosphere by rapid thermal annealing (RTA). The
electron concentration and mobility in this annealed un-doped ZnO layer are 2x10'®
cm™ and 22.1 ecm®V™'s™, showing intrinsic n-type characteristics. A circular ZnO
mesa with 1 mm diameter was fabricated by masking the surface and chemically
etching ZnO away using a diluted HCI solution. Ohmic contact to p-GaN was made
by thermal evaporation of Ni/Au, followed by annealing at 500°C for 30 min in O,
ambient. Finally an Al layer with radius of 100 um was deposited on top of the

n-Zn0 to form the n-Ohmic contact.

4.2.2 Experimental setup and procedure

PL and EL spectra were measured using a SpectroPro 23001 monochromator
with a 1200-groves/mm and 500-nm blaze grating. The PL measurements were
performed at RT using a He-Cd laser (wavelength is 325 nm) as the excitation source.

The experimental setup for measuring the EL spectra is shown in Fig.4.2. A
computer-controlled SpectroPro 23001 monochromator together with the
conventional lock-in technique were used to measure the EL spectra. Light emission
from top surface of the ZnO epilayer was collected using a lens. It was then focused
on the input slit of the monochromator by another lens. A chopper was put in front of
the monochromator to modulate the light. The lock-in amplifier was synchronized

with the frequency of chopper to filter the noise and detect the signal.
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Figure 4.2. Experimental configuration for the measurement of EL spectra.

The crystal quality was evaluated by conventional X-ray diffraction (XRD) and
X-ray rocking curve (XRC). The specimens for transmission electron microscopy
(TEM) were prepared by mechanical polishing, followed by ion milling. TEM obser-
vations were performed in a Tecnai 30 scanning transmission electron microscope

equipped with a lens of C; = 1.2 mm, operated at 300 keV.

4.2.3 Crystal quality of the ZnO film on p-GaN

Figure 4.3 (a) shows the XRD patterns of the as-deposited and post-annealed
ZnO films. The intensity of the ZnO (0002) XRD peak for the post-annealed film is
four times lager than that for the as-deposited ZnO film. Figure 4.3 (b) displays the
XRC curves of the as-deposited and post-annealed ZnO films. The full width of half
maximum (FWHM) of the ZnO (0002) peak is 680 arcsec for as-deposited film
and425 arcsec for the post-annealed film, indicating that the high-temperature
post-deposition annealing by RTA improves the crystallinity. The corresponding
c-axis lattice constants were calculated to be 0.524 nm and 0.518 nm from the XRC

peaks in Fig. 4.3 (b), for the as-deposited and annealed ZnO films, respectively. It
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Figure 4.3 (a) X-ray diffraction patterns and (b) X-ray rocking curves of the
as-deposited and post-annealed ZnO films grown by ALD on p-GaN.
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seems to indicate a larger tensile strain and a smaller compress strain along the c-axis
in the as-deposited and annealed ZnO films, as compared with the lattice constant in
c-axis of pure bulk ZnO (0.5206 nm, according to ASTEM card CAS Number
1314-13-2). The lattice spacing of the as-deposited ZnO film might be almost the
same in the basal plane as that of the GaN substrate. Because of the larger a-axis
lattice constant of ZnO (0.3252 nm) than GaN (0.3189 nm), the lattice spacing a in
the as-deposited ZnO film might be shrank. Therefore, for keeping the unit volume of
the ZnO the lattice along the c-direction would be extended (to 0.524 nm) in the
as-deposited ZnO film. After the RTA treatment, the interfacial layer was formed (will
be shown in the following) and accordingly the tensile strain in ZnO was relaxed. We
think the intrinsic lattice constant in c-axis of the annealed ZnO film upon the
interfacial layer is 0.518 nm. It should be noted that the as-deposited ZnO on the GaN
layer is still crystalline and preferably (0001)-oriented due to a small lattice mismatch
between ZnO and GaN, which results in the perfect crystal by coalescence during the
RTA treatment. Figure 4.4 shows a cross-sectional TEM image of the n-ZnO/p-GaN
heterojunction LED on the c-Al,O; substrate. The inset selected-area electron
diffraction patterns reveal that the ZnO grew in completely parallel orientation,
[0001][1120]2,0//[0001][11 2 0]Gaxn, With the GaN, which was deposited with a good
epitaxial relation, [0001][11 2 0]gan//[0001][1100]a10s, on the c-Al,O3 substrate. The
n-ZnO, p-GaN and underlying non-doped GaN layers are a little different in contrast
and can been identified in the image, accordingly. The threading dislocations, which
were generated on the interface between the GaN buffer layer and the c-Al,O;
substrate, run along the ¢ axis of the GaN layers. Some of the dislocations still reach
the vacuum, penetrating through the ZnO layer. The others however disappear at the
interface between the n-ZnO and p-GaN or at the interface between the p-GaN and

undoped GaN layers. Hence, the TEM image reveals that the ZnO layer is almost a
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ZnO (0002) {\q,@
N

Figure 4.4 Cross-sectional bright field transmission electron microscopy (TEM)
image of the n-ZnO/p-GaN heterojunction on the underlying GaN and Al,O3
substrate, and selected-area electron diffraction patterns from the AlO; layer, the
interfacial layer and the ZnO layer. The spots in the interfacial layer comprise the
spots from the ZnO (whose 0002 and 1120 spots are marked) and additional spots
from an unknown crystal formed with an orientation with their c-axis.
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Figure 4.5  Cross-sectional TEM image of an area in the »n-ZnO/p-GaN
heterojunction.

perfect single crystal with very a few survival threading dislocations, which is
attributable to the layer-by-layer growth of ALD and the recrystallization during the
post heat treatment of RTA. Therefore, the crystal quality of the ZnO layer seems
much superior to that of ZnO layers prepared by other methods such as electron
cyclotron resonance-assisted MBE [11]. The formation of the high-quality crystalline
ZnO is surely one of requirements for the UV EL from the ZnO.

The details of the interface between p-ZnO and n-GaN layers were observed to
deliberate on the EL. mechanism. Figure 4.5 indicates the dislocations annihilated on
the interface. Furthermore, it indicates the presence of an interfacial layer along the

(0001) interface between the p-ZnO and n-GaN layers.
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4.2.4 Optical property of n-ZnO and p-GaN

In figure 4.6 the normalized PL spectra of the n-ZnO and p-GaN layers under the
same excitation intensity are shown. The PL spectrum of n-ZnO exhibits a strong,
near-band-edge (NBE) emission at 378 nm with negligible defect-related bands in the
visible region. This NBE emission is associated with the radiative recombination of
free excitons [9]. In contrast, the PL spectrum of p-GaN reveals a deep-level emission
around 430 nm, which can be ascribed to the transitions from the conduction band or
unidentified shallow donors to the Mg acceptor levels [10]. The NBE emission from
p-GaN was not observed. The PL intensity of n-ZnO is significantly (21 times) great-
er than that of p-GaN layer, indicating a higher light emission efficiency in ZnO due

to its larger excitonic binding energy.
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Figure 4.6 Room temperature (RT) photoluminescence spectra of the p-GaN layer
and the n-ZnO layer grown on the p-GaN.
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4.2.5 Electroluminescence

Figure 4.7 shows the current vs. voltage (/-V) characteristics of the
n-ZnO/p-GaN heterojunction LED at RT. A rectifying diode-like behavior is clearly
observed. Figure 4.8 shows the EL spectra of the n-ZnO/p-GaN heterojunction LED
under DC forward bias at RT. The EL image of this LED is shown in the inset of
figure 4.7. At a low injection current of 2.5 mA, the EL exhibits a spectral peak at
425 nm. Emission at 391 nm apparently increases with the injection current and
becomes dominant when the current exceeds 12.5 mA. A comparison between EL
and PL spectra reveals that the spectral peak around 425 nm is attributed to the light
emission from the Mg acceptor levels in p-GaN, and the EL at 391 nm originates
from the n-ZnO layer. Unlike the n-ZnO/p-GaN hetrojunction LEDs in references 12

and 29-31, where the EL originated only from either the n-ZnO or p-GaN side, the EL
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Figure 4.7 1-V curve of the n-ZnO/p-GaN heterojunction LED. The insets show the
EL image of the n-ZnO/p-GaN heterojunction LED.
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Figure 4.8 Room temperature EL spectra of the n-ZnO/p-GaN heterojunction LED
at various DC injection currents. The inset shows the EL peak intensities of the
n-ZnO (A=391 nm) and p-GaN (A=425 nm) as a function of the injection current.

spectra in the present study show the superposition of light emissions form both the
n-ZnO and p-GaN layers. Inset of figure 4.8 depicts the EL peak intensities of the
n-ZnO and p-GaN as a function of the injection current. Competition between the
emissions at 391 nm and 425 nm might result from the differences in the carrier
concentration and the light emission efficiency in #n-ZnO and p-GaN, as well as the

ZnO/GaN interface states, which will be discussed later.

4.2.6 Interfacial layer
The thickness of the interfacial layer is about 4~5 nm as seen in high-resolution
(HR) TEM images in Fig. 4.9(a) and (b). The interface is composed of crystals

apparently different from the adjoining GaN and ZnO single crystals where
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Figure 4.9 (a) and (b) are High-resolution TEM images of the interfacial layer
between ZnO and GaN.

well-ordered lattice fringes, particularly of their (0001) planes, are seen. This can be
seen in the electron diffraction pattern from the interfacial layer in Fig. 4.4. As
compared with the diffraction pattern from ZnO it includes additional spots from an
unknown crystal formed with an orientation with their c-axis. We have not yet
characterized the phase in the interfacial layer. Since the ALD can make an abrupt
interface over a large area, the interfacial layer might be formed rather during the post
heat treatment of RTA than by ALD. Such high-temperature annealing can cause the
diffusion of the Mg atoms in the p-GaN layer toward the interface between n-ZnO
and p-GaN, and consequently the interfacial layer between ZnO and GaN can be
formed. Such diffusion cannot proceed uniformly over the interface as is usual with a
heat treatment. An evidence of diffusion of Mg atoms can be seen as bright contrast in
the p-GaN layer in figure 4.10, which is a high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) image of the n-ZnO/p-GaN on

the GaN layer. The HAADF-STEM images are mainly formed by thermal diffuse
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Interfacial layer

Figure 4.10  High-angle annular dark-field scanning transmission electron
microscopy image of the n-ZnO/p-GaN heterojunction on the GaN layer.

provide the Z-contrast, approximately proportional to the square of the atomic
number [12,13]. Therefore, contrast of the p-GaN darker than the underlying Ga’'N’
is ascribed to doped Mg'? atoms, and the parts exhibiting brighter contrast in the
p-GaN are poor in concentration of Mg atoms, which were diffused out to form the
interfacial phase. However, the brighter contrast was not observed in the lower
portion of the p-GaN layer, indicating the preferential diffusion of Mg atoms toward
Zn0O, not toward the underlying GaN. This result may be ascribed to the formation of
a new phase at the interface between ZnO and GaN. The phase is a compound
including Mg atoms, though its crystal structure has not yet been established. The
demand of Mg atoms by the new phase causes the supply of Mg from p-GaN, which

is greater than the demand by the underlying GaN layer.
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4.2.7 Confirm the interfacial layer by C-V method

To confirm the formation of the interfacial layer by the post-deposition RTA
process, we measured the capacitance vs. voltage (C-V) characteristics of the
n-ZnO/p-GaN structures. The C-V curves of the n-ZnO/p-GaN samples with and
without the RTA treatment are shown in figure 4.11. The measurement was conducted
using an HP 4284A LCR meter at RT. The GaN electrode was grounded and the
voltage was applied to the ZnO electrode. The measurement ac frequency was 10 kHz.
As compared with the unannealed sample, the significant increase in the capacitance
with the applied voltage from 0 to 5V for the annealed sample is very similar to the
typical feature of carrier inversion in the low-frequency C—V characteristics. This
suggests the presence of a wide-bandgap interfacial layer caused by the diffusion of
the Mg atoms in the p-GaN layer toward the n-ZnO/p-GaN interface during the RTA
treatment [14]. It is reasonable to identify this wide-bandgap layer with the interfacial
layer observed by TEM.

The band diagram of the n-ZnO/p-GaN heterojunction including this interfacial
layer was constructed using the Anderson model and is presented in Fig. 4.12 (a),
which is similar to one presented by Lee and Kim [14]. As shown in Fig. 4.5 and
figure 4.9 (b), the interfacial layer is so thin (4~5 nm) as to allow the carriers to
tunnel through, as indicated by the forward bias in the /-V curve. Since the electron
concentration in ZnO is up to 2x10'® cm?, it is difficult to form an inversion layer
(holes) in ZnO near the ZnO/GaN interface. However, it has been reported that the
surface inversion in p-GaN can be achieved if there exist minority carrier sources
such as n-type region and dislocations [15-17]. As a result, the remarkable increase in
the capacitance with the applied voltage from 0 to 5V for the annealed sample might
be attributed to the accumulation of minority carriers (electrons) in p-GaN or the

carrier emission and capture associated with the interface states near the ZnO/GaN
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interface [18]. The electrons were provided by the interface states or from the
undoped (intrinsic n-type) GaN region beneath the p-GaN layer, as shown
schematically in Fig. 4.12 (b). On the other hand, the slow increase in the capacitance
with the applied voltage greater than 5V for the annealed samples probably results
from the carrier emission from the deep-level states distributed in ZnO or GaN. At
low positive applied voltages, the low carrier emission probability effect) [19] causes
the carriers in these deep-level states do not contribute significantly to the capacitance.
As the positive applied voltage increases, the increase in the probability of carrier
emission from the deep-level states (proportional to a squared electric field E* in
the multiphonon- assisted tunneling process) [19] facilitates the response of the
carriers in the deep-level states to the measurement ac frequency. Thus the
capacitance increases with the applied voltage greater than 5V. The carrier emission

from the deep-level states in ZnO or GaN may be also the reason
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Figure 4.11 Capacitance vs. voltage (C-V) curves of the n-ZnO/p-GaN structures
with and without the RTA treatment.
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Figure 4.12 (a) Band diagram of the n-ZnO/p-GaN heterojunction without applying
voltage. (b) Band diagram of the n-ZnO/p-GaN heterojunction. The GaN electrode is
grounded and the positive voltage is applied to the ZnO electrode (reverse bias for the

pn junction).
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(proportional to a square root of the electric field JE due to the Poole-Frenkel for

the slow increase in the capacitance with the positive bias for the unannealed sample.
As for the negative applied voltage (forward bias for the pn junction), the increase in
the capacitance with the negative applied voltage may result from the rearrangement
of the minority carriers in response to the measurement ac frequency (diffusion
capacitance) [20]. The ZnO/GaN interface states caused by the interdiffusion between
the ZnO and GaN during the RTA treatment may be responsible for the distortion of

the C-V curve of the annealed sample at a voltage about -10V [18,20].

4.2.8 Competition mechanism

Competition between the emissions at 391 nm and 425 nm shown in Fig. 4.8
might result from the differences in the carrier concentration and the light emission
efficiency in n-ZnO and p-GaN, as well as the ZnO/GaN interface states. Because of
the higher carrier concentration in #-ZnO, the amount of electrons injected from
n-ZnO is much larger than the holes injected from p-GaN at forward bias [3,5-7].
When the carriers transport across the interfacial layer, they may be trapped at the
ZnO/GaN interface states [14]. At a low injection current of 2.5 mA, the interface
states may capture large amount of the holes injected from p-GaN. However, only a
small portion of electrons injected from n-ZnO are trapped by the interface states
since the electron injection current is much larger than the hole injection current.
Accordingly, the emission from ZnO is not obvious and the EL from GaN dominates
the spectrum. As the injection current increases, the holes injected from p-GaN not
only fill up the interface states but also enter into the n-ZnO layer. As a result, even
although the electron injection into p-GaN is higher than the hole injection into
n-ZnO, the EL form n-ZnO increases rapidly and eventually dominates over the

emission from p-GaN due to the higher light emission efficiency in ZnO.
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On the other hand, the EL peak at 391 nm longer than the PL peak of ZnO at 378
nm can be attributed to the presence of the interfacial layer between n-ZnO and
p-GaN. The electrons and holes may accumulate in ZnO and GaN near the interface,
respectively, due to the wide bandgap energy of the interfacial layer. The accumulated
electrons might cause a slight decrease in the ZnO bandgap energy as a result of
bandgap renormalization. These electrons recombine with the holes supplied from
p-GaN to produce EL. Because of the valence band offset AE, (shown schematically
in Fig. 4.12 (a)) as well as the bandgap renormalization, the photon energy of EL peak
is smaller than the ZnO bandgap. Actually, a similar phenomenon with an EL peak at
394 nm has been observed from the n-ZnO/p-GaN heterojunction LED with a thin
Si0, layer inserted between ZnO and GaN [21]. The UV EL from ZnO at a DC low
injection current about 10 mA indicates a high optical quality of the ALD-deposited
ZnO epilayer treated by the post-deposition RTA process. Furthermore, the ZnO
epilayers have large-area uniformity and good reproducibility owing to the
advantages of ALD. On the other hand, the n-ZnO/p-GaN heterojunction LEDs
without the RTA treatment do not exhibit any EL from ZnO. As a result, even
although the RTA treatment induces the ZnO/GaN interfacial layer as indicated by the
TEM and C-V measurements, the UV EL and PL with negligible defect-related bands
from ZnO suggest that these interface states do not seriously degrade the light

emission from ZnO.
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4.3 Electroluminescence of n-ZnO/p-GaN heterojunction LED
with aluminum back reflector
4.3.1 Sample preparation
Figure 4.13 shows the schematic diagram of the devices which were deposited
on a double-side polished c-Al,O; substrate. In device (A), aluminum was evaporated
on the back of the c-Al,O; substrate as a reflector to study the effect of external
optical feedback. The back side of device (B) is maintained polish, and the back side

of device (C) is roughened by diamond blend.

A B
A Direct probe ()

(C)

Direct probe Direct probe

4

roughened

Figure 4.13 Schematic diagram of the devices. Aluminum was evaporated on the
back of the c-Al,Os substrate as a reflector in device (A). The back side is maintained
polish in device (B). The back side is roughened by diamond blend in device (C).

4.3.2 electroluminescence

Figure 4.14 shows the EL spectra of the device A which was injected by pulsed
currents from 300 mA to 800 mA with a pulse duration of 1 ms and a repetition rate
of 64 Hz. The EL spectra were measured from top of the n-ZnO layer. At an injection
current of 300 mA, the device exhibited a spectral peak around 425 nm. The
comparison of EL and PL spectra indicate that the spectral peak around 425 nm
originates from the Mg acceptor level in p-GaN. Increasing the injection current

causes another spectral peak at 386 nm to grow rapidly and eventually dominate over
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Figure 14.14 Room-temperature EL spectra of the device shown in the inset of
Fig.4.13(a) at various pulsed currents from 300 mA to 800 mA. The inset is the

normalized PL spectra of the n-ZnO and p-GaN layers at room temperature.
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Figure 4.15 Room-temperature EL spectra of devices A, B, and C at a pulsed

current of 800 mA. The inset presents the Gaussian functions (dash lines) were used
to fit the EL spectra to extract the EL intensities and FWHM of ZnO and GaN..
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the spectral peak at 420 nm as the current exceeds 700 mA. This EL peak at 386 nm
can be attributed to light emission from the n-ZnO layer. The spectral shoulder around
465 nm is also ascribed to the EL from p-GaN.

This study also measured the EL spectra of the n-ZnO/p-GaN heterojunction
LEDs with different external feedback conditions to further investigate the effect of
external optical feedback. Figure 4.15 shows the EL spectra of three n-ZnO/p-GaN
devices injected by the same pulsed current of 800 mA. It is clearly seen that the EL
intensity of device A is considerably greater than that of devices B, and device C has
the smallest EL intensity. It should be noted that as compared to devices B and C, the
spectral peak corresponding to ZnO (A~386 nm) of device A is much greater than the
GaN spectral peak around 425 nm. The differences in the EL intensity and spectrum
of devices A, B and C under the same injection current can be attributed to their

distinct external optical feedback conditions.

4.3.3 Super-linearly growth of EL intensity

Figure 4.16 shows the EL peak intensity of GaN (A~420 nm) and ZnO (A~386
nm) as a function of injection current for all three devices at room temperature. The
EL peak intensities and FWHM spectral widths of ZnO and GaN were extracted from
the EL spectra fitted by the multiple Gaussian functions, as indicated by the dashed
lines shown in the inset of Fig. 4.15. Figure 4.16(a) clearly presents that the EL peak
intensity of GaN increases linearly with the injection current for all three devices. On
the other hand, Fig. 4.16(b) shows that the EL peak intensity of ZnO in device A
increases rapidly with the injection current, showing a remarkable superlinear
dependence on the injection current. However, devices B and C exhibited little

increase in the ZnO EL peak intensity with the injection current. In addition,
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Figure 4.16 (a) The EL peak intensity as a function of the injection current of
devices A, B, and C for GaN. (b) The EL peak intensity (solid line) and applied
voltage (doted line) as a function of the injection current of the three devices for ZnO.
The inset in (b) shows the variations of the FWHM of ZnO spectral peak with

injection current for devices A, B and C.
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Figure 4.17 Variations of the FWHM of ZnO spectral peak with injection current
for devices A, B and C.

Fig.4.16(b) also shows the applied voltage had a linear dependence on the injection
current, suggesting that the superlinear increase in the ZnO EL intensity with the
injection current did not result from the applied voltage. The Fig.4.17 presents the
variations of FWHM of ZnO spectral peak with injection current for device A, B and
C. It can be seen that the FWHM of ZnO spectral peak decreases with the
injectioncurrent in device A, while the decreasing tendency of FWHM with injection
current was not observed in devices B and C. The significant enhancement of the EL
intensity from ZnO more than twofold, spectral narrowing, coupled with the
super-linear increase in the ZnO EL intensity with the injection current, strongly
suggests that the external optical feedback from the polished back surface with an
aluminum reflector stimulates light emission from the ZnO epilayer.

Chapter 3 has demonstrated that stimulated emission is facile to achieve in a
high-quality ZnO epilayer grown by the ALD technique. A ZnO epilayer grown on a
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c-Al,O3 substrate by ALD exhibited optically pumped stimulated emission with a
threshold intensity as low as 35.1 kW/cm® at room-temperature. For a reference, the
optical gain coefficient at A=386 nm of the n-ZnO layer in the n-ZnO/p-GaN structure
was measured by the variable stripe length (VSL) technique. It was shown that the
ASE intensity at A=386 nm increases superlinearly with the excitation length. The
analysis using one-dimensional optical amplifier model indicates that the gain
coefficient at A=386 nm can reach a value as high as 367 cm™. Stimulated emission in
ZnO is associated with the excitonic scattering/recombination processes and
analogous to a four-level laser system, which is illustrated in Appendix 4A and Ref.
[22]. Population inversion might be established in the ZnO epilayer at high injection
currents. For device A, the aluminum back reflector leads to the reflection of much
photons into the n-ZnO layer. Thus the spontaneous emission from ZnO was
amplified, resulting in spectral narrowing and superlinear increase in the UV EL
intensity with the injection current. As for devices B and C, the poor external optical
feedback conditions cause less photons to be reflected back into the n-ZnO layer, thus

suppressing the increase in the EL intensity with the injection current.

4.4 Summary

The n-ZnO/p-GaN heterojunction LEDs were fabricated by the growth of n-ZnO
epilayer using ALD on the p-GaN. The specimen was treated with a post-deposition
RTA at 950°C for 5 min in N, atmosphere. The XRD, XRC and TEM
characterizations demonstrate that the ZnO epilayer has high (0002) orientation and
good crystal quality. TEM observations also reveal that the ZnO grows in good
epitaxial relation with GaN and to almost a perfect single crystal with a very few
dislocations. It has been found that the threading dislocations from the underlying

layers reduce at the interface between GaN and ZnO, due to the layer-by-layer growth
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of ALD and the recrystallization during the post heat treatment of RTA. The TEM
and HAADF-STEM images reveal that an interfacial layer 4~5 nm thick along the
interface between ZnO and p-GaN was formed by the diffusion of Mg atoms from the
p-GaN during the RTA treatment. The capacitance and voltage (C-V) characteristics
confirm the presence of the interfacial layer. At a low injection current, light emission
from the Mg acceptor levels in p-GaN is obvious. Increase in the forward bias causes
dominant emission from n-ZnO. Competition between the ELs from ZnO and GaN is
elucidated to be attributed to the interfacial layer as well as the differences in the light
emission efficiency and the carrier concentration in n-ZnO and p-GaN layers. The
achievement of UV EL at a low DC injection current from ZnO indicates that the
ZnO epilayers grown by the ALD technique are effectually applicable to the
next-generation short-wavelength photonic devices.

An aluminum external-feedback reflector was evaporated on the back of the
double-polished c-Al,Os substrate. Remarkable enhancement of the UV EL intensity,
superlinear increase in the EL intensity, coupled with the spectral narrowing, from
ZnO with the injection current are attributed to the external optical feedback and ASE
in the high-quality ZnO epilayer. The achievement of the electrically pumped ASE in
a ZnO epilayer grown by ALD indicates that the ALD technique is applicable to the

high-quality ZnO for next-generation UV photonic devices.
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Appendix 4A: four-level laser system

Significant enhancement of the EL intensity from ZnO more than twofold,
spectral narrowing, coupled with the superlinear increase in the ZnO EL intensity
with the injection current, are attributable to amplified spontaneous emission (ASE)
in the high-quality ZnO epilayer caused by the aluminum back reflector. According to
Semiconductor Optics (Springer, 3rd edition, 2006) and Ref.22 authored by Prof.
Claus Klingshirn, stimulated emission in ZnO is associated with the excitonic
scattering/recombination processes and analogous to a four-level laser system. In a
four-level laser system as shown in Fig.4A-1 in this letter, as long as the lifetime of
the transition from E3 to E2 is longer than that from E4 to E3, a population
accumulates in the level E3. Thus population inversion is established and accordingly
stimulated emission can take place. In our work, a large number of electrons and
holes were injected into the ZnO layer and formed excitons. The scattering between
excitons caused some excitons rising to a higher energy level, just like the level E4 in

Fig.A, and some went down to the lower energy level like E3 in Fig.A. The transition

Fast transitions

E4{=.=\;J

E3 =

Stimulated emission

E? )
E1 ¢ !

Figure 4A-1 Schematic diagram of four-level laser system
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from level E4 to E3 is faster than that from E3 to E2. Therefore, population inversion
was established in the ZnO layer. As the light emission from ZnO was reflected by
the aluminum back reflector, the spontaneous emission from ZnO was amplified,
resulting in the enhancement of the EL intensity more than twofold, spectral
narrowing, and the superlinear increase in the ZnO EL intensity with the injection

current.
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Chapter S

White Light and UV Electroluminescence of n-ZnO /p-GaN

Hetrojunction Light-Emitting Diodes at Reverse Breakdown Bias

5.1 Introduction

ZnO has recently attracted considerable attention as a promising material for
ultraviolet (UV) light-emitting devices due to its large exciton binding energy of 60
meV and many benefits such as long-term stability, relatively low material costs, etc
[1]. Various techniques have been applied to prepare ZnO films and nanorods with
high crystal quality and good optical characteristics [2]-[5]. Among these techniques,
atomic layer deposition (ALD) is a noteworthy technique for growing high-quality
ZnO films [6],[7]. The advantages of ALD include easy and accurate thickness
control, high uniformity over a large area, low defect density, conformal step
coverage, good reproducibility, and low growth temperatures.

Although ZnO technology has substantially been progressing, it is difficult to
prepare stable p-type ZnO films with high hole concentration [8],[9]. Since ZnO and
GaN have the same crystal structure (wurtzite) with a small in-plane lattice mismatch
(1.8%), p-type GaN would be substituted for p-ZnO. Actually, many studies have re-
ported on the n-ZnO/p-GaN heterojunction light-emitting diodes (LEDs) operated at
forward bias [10]-[15]. However, a type Il n-ZnO/p-GaN heterojunction with a large
band offset limits the carrier transport across the junction at forward bias, while faci-
litates the reverse breakdown associated with band-to-band tunneling [16]. On the
other hand, field-stimulated ionization of deep-level states was also proposed to ac-
count for the breakdown and white-light luminescence at reverse bias [17]. Therefore,

substantial attentions have been paid to the light emission from n-ZnO/p-GaN hete-
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rojunction LEDs under reverse breakdown bias [18],[19].

In this chapter, we present white-light emission from the #n-ZnO/p-GaN
hetrojunction LEDs operated at reverse breakdown bias. Theoretical models based on
field-assisted tunneling from a bound state to a continuum of free states and from
p-side valance band to n-side conduction band are applied to explain the observed
current-voltage (/-V) characteristics at reverse breakdown bias. And also excitonic
Franz-Keldysh effect in ultraviolet electroluminescence from n-ZnO:Al/p-GaN

heterojunction LEDs.

5.2 White-light Electroluminescence
5.2.1 Sample preparation

Figure 5.1 shows a schematic diagram of the n-ZnO/p-GaN heterojunction LED.
First, a thin GaN buffer layer with 30 nm in thickness was deposited on a c-Al,O;
substrate, and then a 2.5 um thick undoped GaN layer was grown upon the buffer
layer by metal organic chemical vapor deposition (MOCVD). A 300 nm thick
Mg-doped GaN layer was subsequently grown also by MOCVD. The hole
concentration in this layer was approximately 2.6x10'7 cm™. Afterwards, a 540 nm
thick ZnO layer was grown on the p-GaN at 180°C using the ALD technique.
Diethylzinc (DEZn, Zn(C,Hs),) and H,O vapor were utilized as the precursors for
zinc and oxygen. The ALD process consisted of 3000 identical cycles, each of which
contained the following sequence: DEZn, 0.01s — N, purge, 5s — H,0, 0.1s - N,
purge, 5s, and deposited ~ 1.8 A of ZnO. After deposition, the specimen was treated
by RTA at 950 °C for 5 min in N, atmosphere to improve the crystal quality of the
ZnO layer. The above processing parameters had been investigated as the optimal

ZnO growth condition in our previous studies [7],[20]-[22]. Hall effect measurement
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revealed that the electron concentration in the ZnO layer was 2x10'® cm™, showing
intrinsic n-type characteristics. The X-ray diffraction pattern presented that the n-ZnO
layer was highly c-axis orientated. The full-width at half-maximum (FWHM) of the
X-ray rocking curve for the ZnO (0002) peak was 424 arcsec, indicating the high
crystallinity of the ZnO layer grown by ALD. Transmission electron microscopy
(TEM) observations also revealed that the ZnO grew in good epitaxial relation with
GaN and exhibited almost a perfect single crystal with a very few dislocations [22].
Circular ZnO mesa with 1 mm in diameter was then fabricated by conventional
lithography and chemical etching using a dilute HCl solution. Ohmic contact to
p-GaN was made by thermal evaporation of Ni/Au, followed by annealing at 500°C
for 30 min in O, ambient. The ohmic contact of the Ni/Au electrode on p-GaN is

confirmed from the linearity of current-voltage (/-¥) curve between two Ni/Au

probe

540nm Ni/Au
n-ZnO, ALD |

300nm p-type GaN:Mg MOCVD

2.5 £ m undoped GaN MOCVD

30nm GaN buffer layer MOCVD
sapphire

Figure 5.1 Device structure of the n-ZnO/p-GaN hetrojunction LED.

85



0- Vo
< -54
\E/ 4 Ni/Au — Ni/Au contact
-+ 0.4
GC) '1 O N g 0.2
t z 0.0
> 2 021
o -15 4 3 04]
0.6
0.8 .
% 4 2 0 2 4 6
-20 voltage (V)
-30 -20 -10 0 10 20 30

voltage (V)

Figure 5.2 Room-temperature /-V curve of the n-ZnO/p-GaN heterojunction LED.

The inset shows the /- curve of two Ni/Au contacts on p-GaN.

electrodes on p-GaN displayed in the inset in Fig.5.2. No metal electrode was
deposited on top of the ZnO layer to avoid blocking the light emission from the
underlying region. Direct probe on top of #n-ZnO layer was applied for the current

injection into the LED.

5.2.2 Current vs. voltage (I-V) characteristics

Figure 5.2 shows the I-V curve of the n-ZnO/p-GaN hetrojunction LED at room
temperature. A large series resistance was seen at forward bias and reverse
breakdown around -5V was clearly observed. The type II band alignment with large
band offsets between n-ZnO and p-GaN results in a low injection current at forward
bias [16]. However, the current increased rapidly with the reverse bias as the applied

negative voltage was greater than the breakdown voltage. Since the breakdown
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voltage is less than 4E,/q, where E, (~3.4 eV) is the bandgap energy of ZnO or GaN,
the breakdown can not be attributed to the avalanche multiplication, but might be
caused by the tunneling effect [23]. The detailed breakdown mechanism and its

related luminescence will be discussed in the following.

5.2.3 Optical and crystal quality

Figure 5.3 shows the normalized photoluminescence (PL) spectra of the n-ZnO
and p-GaN layers measured at room temperature using a He-Cd laser (A=325 nm) as
the excitation source. The n-ZnO layer exhibited a significant near-band-edge (NBE)
UV emission from free excitons at 378 nm and negligible defect-related bands,
indicating a good optical quality of the n-ZnO layer grown by ALD. On the other

hand, a deep-level emission around 430 nm appeared in the PL spectrum of p-GaN,
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Figure 5.3 Room-temperature PL spectra of the p-GaN layer and the thick (540 nm)
n-ZnO layer grown on the p-GaN. The inset is the HRTEM image of this thick #-ZnO

layer in the region near the top surface.
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which is ascribed to the transitions from the conduction band or unidentified shallow
donors to the Mg acceptor levels [24]. Note that the NBE emission from p-GaN was
not observed, which might result from the complete dissociation of the Mg-H
complexes to the Mg acceptors in a thin p-GaN film with a thickness of only 300 nm

[16].

5.2.4 White light electroluminescence

Figure 5.4 shows the EL spectra of the n-ZnO/p-GaN hetrojunction under the
DC injection currents from 1 mA to 15 mA at the reverse breakdown biases. The
oscillating-like peaks upon the EL spectra can be attributed to the effect of Fabry-
Perot cavity formed by the ZnO/air and GaN/sapphire interfaces [25]. Two Gaussian
functions were applied to fit the EL spectrum measured at 15 mA, as indicated by the
dotted curves in Fig.5.4. It can be seen that the spectrum was composed of a blue
light located at 450 nm and a broad yellow band around 550 nm. Comparing the EL
and PL spectra reveals that the spectral peak at 450 nm is attributable to the light
emission from the Mg acceptor levels in p-GaN. However, the yellow band around

550 nm was not observed in the PL spectra of either the #n-ZnO or p-GaN layers.

5.2.5 Discussion

In order to investigate the origin of this yellow band, a thin ZnO layer with only
90 nm (500 ALD cycles) in thickness was grown on the p-GaN. The material growth
and post-deposition annealing processes were the same as those mentioned above.
Figure 5.5 presents the normalized PL spectrum (solid line) of this 90 nm ZnO layer
after the post-deposition RTA treatment, with the pumping laser beam incident on the
ZnO surface. The spectrum consisted of a ZnO NBE emission at 380 nm and a broad

yellow band located around 550 nm. A small spectral peak at 430 nm corresponds to
88



intensity (a.u.)

00

wavelength (nm)

Figure 5.4 Room-temperature EL spectra of the n-ZnO/p-GaN heterojunction LED
measured at various DC injection current from 1 to 15 mA under the reverse
breakdown biases. The inset is the EL image of the LED in a bright room.
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Figure 5.5 Room-temperature PL spectrum of the thin (90 nm) n-ZnO layer grown
on the p-GaN with/without post-annealing. The inset is the HRTEM image of the
interfacial layer between n-ZnO and p-GaN of the sample after the RTA treatment.
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the PL from the Mg acceptor states in p-GaN, suggesting that the pumping laser beam
can penetrate through the thin ZnO layer into the underlying p-GaN. A comparison
between the PL spectra shown in Fig.5.3 and Fig.5.5 clearly indicates that the thick
(540 nm) ZnO layer exhibited almost defect-free PL spectrum, while the
defect-related yellow band around 550 nm was observed from the thin (90 nm) ZnO
layer. Since the pumping laser beam at A=325 nm cannot penetrate deeply into the
thick ZnO layer due to optical absorption, the PL spectrum of the thick ZnO layer
mainly originated from the region near the top surface, where the defect density was
low as demonstrated by the well crystallized lattice image in a high-resolution TEM
(HRTEM) image (the inset of Fig.5.3). Accordingly, only NBE emission at 378 nm
appeared in the PL spectrum of the thick ZnO layer. On the other hand, the broad
yellow band around 550 nm from the thin ZnO layer can be attributed to the light
emission from the deep-level states related to oxygen vacancies near the interface
between n-ZnO and p-GaN [26]. The inset of Fig.5.5 shows an HRTEM image of an
area near the n-ZnO/p-GaN heterojunction, indicating the presence of an interfacial
layer about 4~5 nm along the (0001) interface between the n-ZnO and p-GaN layers.
Since the ALD technique can make an abrupt interface, the interfacial layer might be
formed rather during the post-deposition RTA treatment than by ALD. Such
high-temperature annealing causes the interdiffusion between n-ZnO and p-GaN, and
consequently results in the formation of ZnO/GaN interfacial layer as well as the
oxygen vacancies in n-ZnO near the interface. Thus it is reasonable to ascribe the
broad yellow band around 550 nm in the PL and EL spectra to the light emission from
the deep-level states associated with oxygen vacancies near the ZnO/GaN interface
[26]. For a comparison, Fig. 5.5 also presents the normalized PL spectra (dashed line)
of the as-deposited thin (90 nm) ZnO layer grown on p-GaN without post-annealing.

The as-deposited ZnO layer only exhibited the superposition of light emissions at 380
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nm and 425 nm, corresponding to the ZnO NBE emission and the Mg acceptor levels
in p-GaN, respectively. The broad yellow band around 550 nm was not observed.
This further confirms that the broad yellow band is evidently related to the formation
of the ZnO/GaN interfacial layer and the oxygen vacancies in n-ZnO near the
interface during the post-deposition RTA treatment.

Figure 5.6 shows the band diagram of the n-ZnO/p-GaN heterojunction under
the reverse breakdown bias to illustrate the breakdown mechanism and luminescence.
The electrons supplied from the underlying un-doped (intrinsic n-type) GaN are
pulled into p-GaN by the large electric field at reverse bias. As these electrons drift
across the p-GaN layer, some of them recombine with holes in the Mg acceptor levels
in p-GaN to produce the EL at 450 nm. For the electrons reaching the ZnO/GaN

interface, they would be caught by the deep-level states near the interface, thus

— @
_/_._h
blue light

hole current

oxygen vacancy states

GaN p-GaN n-/n0O

Figure 5.6 The band diagram of the undoped-GaN/p-GaN/n-ZnO of the LED under
the reverse breakdown bias.
91



yielding the broad yellow band around 550 nm. Then the electrons in the deep-level
states tunnel though the triangular energy barrier to the conduction band of n-ZnO,
and drift out of the device. The hole current in p-GaN is provided by the electrons
tunneling from the valence band in p-GaN to the deep-level states near the
n-ZnO/p-GaN interface or directly to the conduction band in n-ZnO [16].

The tunneling rate from a bound deep-level state to a continuum of free states in

a conduction band assisted by electric field can be formulated as follows [27]:

2 2
p=7”2|<f|Fz|b>| S(E,-E,) (5.1)
f

where |b) denotes the initial bound state with energy Ej, |f) is the final free state

with energy Ej, F' is the average electric field, and z is the Cartesian coordinate in the
direction of the electric field. Eq.(5.1) can be simplified and the tunneling current

density J can be expressed as [27]:

_ Cl CZ
JOCP—FeXp(—Fj (5.2)

where C; and C, are constants and this equation is deduced in Appendix 5A. The

average electric field F can be estimated by

_ 2quNAND (l/lbi - VA)
g, (gpNA +5nND) (53)

where V¥, 1is the built-in potential, V4 is the applied reverse bias, ¢, and ¢, are the

permittivity of » and p layers, and N, and Np are the acceptor and donor concentra-
tions in p- and n-type regions, respectively. On the other hand, the current associated
with electrons tunneling from the occupied valence band states directly to the empty

conduction band states at reverse breakdown bias is given by [28§]
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Figure 5.7 The plots of In(J-F) vs. F !"and In(J/F*) vs. F T of the n-ZnO/p-GaN

hetrojection the under reverse breakdown bias.

_ 3 B
J=A4-F exp(—;j (5.4)

where 4 and B are constants and this equation is deduced in Appendix 5B. We used

Eqgs.(5.2) ~ (5.4) to examine the /-} characteristics of the LED at reverse breakdown
bias in terms of In(J-F) vs. F' and In(J/F*) vs. Fplots, as shown in Fig.5.7.

The obvious linear dependence between In(J-F) and F~' clearly indicates that the
reverse breakdown is dominated by the electrons tunneling from the deep-level states

near the ZnO/GaN interface to the conduction band in #-ZnO. The nonlinearity of

experimental data in the In(J/F?) vs. F™' plot suggests that the electrons tunneling

from the valence band in p-GaN directly to the conduction band in #-ZnO is much
smaller, might be due to the much larger energy barrier for electrons tunneling from
the valence band in p-GaN than that from the deep-level states near the ZnO/GaN

interface.
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5.2.6 White light in CIE chromaticity coordinate

The EL image from this LED displayed in the inset of Fig.5.4, exhibiting a bright
white-light emission due to the mixing of the ELs at 450 nm and 550 nm, was strong
enough to be observed by the naked eye in daylight. The color chromaticity of the EL
spectra shown in Fig.5.4 was calculated using the Commission Internationale de
I’Eclairage (CIE) standard color matching function. The calculated CIE chromaticity
coordinate of the EL spectrum was (0.31,0.36), which is close to (0.33,0.33) of the

pure white light.

5.3 Excitonic Franz-Keldysh effect in ultraviolet electro- lumines-
cence from n-ZnO:Al/p-GaN:Mg heterojunction light-emitting

diodes operated at reverse breakdown bias

5.3.1 Sample preparation

Figure 5.8 shows the schematic diagram of the ZnO:Al/p-GaN heterojunction
LED. First, a thin GaN buffer layer was deposited on the c-Al,O3 substrate at 550°C,
and then a thick, undoped GaN layer was grown on the buffer layer at 1000°C by
MOCVD. Next, a Mg doped GaN (GaN:Mg) layer was subsequently grown, also by
MOCVD. The hole concentration and mobility in the p-type layer are approximately
2.6x10" cm™ and 11.9 ecm*V''s™, respectively. Afterwards, an 8% Al doped ZnO
layer was grown on the p-GaN by ALD at 180°C. Diethylzinc (DEZn, Zn(C,Hs),),
Trimethylaluminum (TMA, Al(CHj3)3) and H,O were used as the precursors of zinc,
aluminum, and oxygen, respectively. Each ZnO growth cycle contained the following
sequence: DEZn, 0.01 s - N, purge, 5 s - H;0, 0.1 s - N purge, 5 s for the

deposition of ZnO (ZnO cycle). For Al,O; growth cycle, on the other hand, the
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precursors were replaced from DEZn to TMA. The deposition process consisted of 13
cycles of ZnO growth followed by 1 cycle of Al,Os. Repeating this deposition
procedure up to 3000 cycles can achieve delta-doping and thereby ensure that the Al
is sprayed uniformly on the ZnO thin film. After deposition, the ZnO layer was
treated at 950°C for 5 min in N, atmosphere by rapid thermal annealing (RTA) to
improve its crystallinity. Hall effect measurement revealed that the electron
concentration and mobility in the annealed ZnO were 4.3x10" cm™ and 19.3
cm®V's™ respectively. A circular ZnO mesa 1 mm in diameter was then fabricated by
masking the surface and chemically etching the ZnO away using an HCI solution.
Ohmic contact to p-GaN was made by thermal evaporation of Ni/Au, followed by
annealing at 500°C for 30 min in O, ambient. A direct probe on top of the #n-ZnO was

used as the n-type contact.

N1/Au l
540nm
n-Zn0:Al (8%), ALD

300nm p-type GaN:Mg MOCVD

2.5umundoped GaN MOCVD

30nm GaN buffer layer MOCVD

sapphire

Figure 5.8 The schematic diagram of the 8% n-ZnO:Al/p-GaN heterojunction LED.
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5.3.2 Current vs. voltage (I-V) characteristics

Figure 5.9 shows the current-voltage (/-V) characteristics of the
n-ZnO:Al/p-GaN:Mg hetrojunction LED. It may be noted that the type II ZnO/GaN
band alignment with large band offsets leads to a low injection current at forward bias.
However, an onset of reverse breakdown appeared around (-)11V after which the
current increased rapidly with the reverse bias. The reverse breakdown for p-n
junctions with a breakdown voltages of less than about 4E,/q (E,~3.4 eV is the
bandgap energy of ZnO or GaN) can not be attributed to the avalanche multiplication
[23]. Therefore, in the case of this device, the dramatic increase in current under
reverse bias should be ascribed to the electron tunneling from the valence band in
p-GaN to the conduction band n-ZnO (band-to-band tunneling) [16]. According to
Ref.[23], the current associated with electron tunneling from the occupied valence

band states to the empty conduction band states can be formulated as follows:
Lyse = Co [ BN (YT = (BN, (E)E 53

where C; is a constant, 77 is tunneling probability, f,(E) and f.(E) are the Fermi-Dirac
distribution functions, and N,(E) and N.(E) are the density of states in valence and
conduction band, respectively. Integral Eq.(5.5) from E. of n-side to E, of p-side leads

to the following result [28]
3 B
J=AxF" x exp(— FJ (5.6)

where J is current density, and 4 and B are constant related to tunneling barrier, and

the average electric field F is given by

7o 2qe, N,N,(w,,=V,)
g, (8pNA +<9,,ND)

(5.7)

where y,, is the built-in potential, V4 is the applied reverse bias, ¢, and ¢, are the
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Figure 5.9 Room-temperature Current vs. Reverse-bias voltage (I-V) curve of the
n-Zn0:Al(8%)/p-GaN heterojunction LED.
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Figure 5.10 The In(J/F°) vs. 1/F fitting curve of the n-ZnO:Al(8%)/p-GaN
heterojunction LED under various reverse bias condition. The linear slope shows the
occurrence of the tunnelling. The inset is the room-temperature photoluminescence
(PL) spectra of the p-GaN layer and n-ZnO:Al(8%) layer grown on the p-GaN.
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permittivity of n and p layers, and Ny and Np are the acceptor and donor
concentrations in p- and n-type regions, respectively. Eq.(5.6) was used to examine
the I-V characteristics of the LED at reverse breakdown bias in terms of the In(J/F?)
vs. F ' plot, as shown in Fig.5.10. The clear linear dependence of In(J/F’) on F-
indicates that the electron tunneling from the valence band in p-GaN to the
conduction band in n-ZnO is responsible for the breakdown current at the reverse

bias.

5.3.3 Photoluminescence of n-ZnO:Al and the p-GaN films

Normalized photo-luminescence (PL) spectra of the n-ZnO:Al and p-GaN:Mg
layers are shown in the inset of Fig. 5.10. Photoluminescence (PL) was measured at
room temperature using a He-Cd laser (A=325 nm) as the excitation source. The PL
spectrum of #n-ZnO shows a near-band-edge (NBE) UV emission at 380 nm with neg-
ligible defect-related bands. The NBE emission is associated with the radiative re-
combination of free excitons [29]. From the PL spectrum, it can thus be concluded
that the ZnO film grown by ALD has a good optical property after annealing. The PL
spectrum of p-GaN, on the other hand, reveals only deep-level emission around 425
nm, which can be ascribed to the transitions from the conduction band or unidentified

shallow donors to the Mg acceptor levels [24].

5.3.4 Breakdown electroluminescence

Figure 5.11 shows the room-temperature EL  spectra of the
n-Zn0:Al(8%)/p-GaN:Mg heterojunction LED at reverse breakdown bias. The UV
EL shifted significantly from 372 to 396 nm as the injection current increased from
35 to 75 mA. One may wonder whether the red shift in the UV EL spectra is caused

by the heating effect due to the current injection at large reverse bias.
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Figure S5.11 Room-temperature electroluminescence (EL) spectra of the
n-Zn0:Al(8%)/p-GaN heterojunction LED measured at various injection currents

from 35 mA to 75 mA under the reverse breakdown biases.

In order to determine more clearly the behavior of these EL spectra, the EL
spectra of a reference LED with the n-Zn0O:Al1(2%)/p-GaN:Mg structure under similar
injection currents (from 10 to 40 mA) at reverse breakdown bias was introduced in
the Fig. 5.12. It may be noted that the Al doping percentage in the reference LED is
only 2%. The EL spectra of the reference LED exhibited a trend similar to that of the
present LED (with 8% Al-doped ZnO). At low injection current, the EL spectrum of
the reference LED consisted of UV and blue emissions. The UV emission from 372 to
385 nm may originate from the NBE emission from p-GaN, and the blue light at 425
nm corresponds to the Mg acceptor state in p-GaN as indicated by the PL spectrum
shown in the inset in Fig.5.10. It is clearly seen that the UV EL intensity increased

gradually, however, the intensity of blue light decreased with the increase in the
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Figure 5.12 The EL spectra of n-ZnO:Al(2%)/p-GaN heterojunction LED

measured at various injection currents under the reverse breakdown biases. This
figure shows the intensity of UV light increase with the current increase but the blue

light decrease with current increase.

injection current. The suppression of the blue light at 425 nm with the increase in the
reverse breakdown bias may be a result of the extension of the depletion region into
the bulk of p-GaN, which will be addressed detailedly in the following. It can be also
observed that the UV emission gradually shifted from 372 nm to 385 nm as the re-
verse bias increased. However, such a red shift did not appear in the blue light at 425
nm with the increase in the reverse bias. The EL spectra shown in Fig.5.11 of the
n-Zn0:Al(8%)/p-GaN:Mg LED were normalized and shown in Fig.5.13(a). Similarly,
the red shift in the blue light at 425 nm was not observed as the injection current in-
creased. In addition, the broadening of spectral peak of the UV EL with increasing the
injection current was not obvious. The results suggest that the heating effect can be

excluded as the cause of the red shift in the UV EL spectra.
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Figure 5.13 The normalized (a) EL spectra (b) fitting curves of
n-Zn0:Al(8%)/p-GaN heterojunction LED.

5.3.5 Discussion

Figure 5.14 hows the band diagram of the n-ZnO:Al/p-GaN:Mg heterojunction
LED under the reverse breakdown bias, which illustrates the mechanisms of carrier
transport and UV emission. It can be assumed that the n-ZnO/p-GaN interface
exhibits a type II band alignment where a calculated valence band offset (4E,) varies
from 1.0 to 2.2 eV, with an average value of 1.6 eV, depending on the interfacial
configuration [30]. Owing to this large band offset formed at the heterojunction, the
valence band maximum of p-GaN would be higher than the conduction band
minimum of #-ZnO at small reverse bias [16]. Therefore, the electron tunneling from
the valence band in p-GaN to the conduction band in #-ZnO could take place, and the

tunneling probability increases with the reverse bias. As an electron in the p-GaN
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Figure 5.14 The band diagram of the #n-ZnO:Al1(8%)/p-GaN heterojunction LED.

valence band tunnels to the n-ZnO conduction band, a hole is created at the p-GaN
near the interface and then drifts into the p-GaN layer by the electric field. On the
other hand, the electrons in the underlying un-doped (intrinsic n-type) GaN are pulled
into the conduction band in the p-GaN by the large electric field at reverse bias. Thus
the NBE UV emission from p-GaN is observed as the hole recombines with an
electron in the depletion region, in which the Mg acceptor states are inactivated,
Otherwise, the blue light is generated when the the radiatively recombination of
electrons and holes takes place in the bulk region of p-GaN, in which the Mg acceptor
states are active. As the reverse bias increased, the depletion region extended into the
bulk region; and therefore, the intensity of the blue light at 425 nm was suppressed, as
shown in the EL spectra shown in the of Fig. 5.12 and Fig. 5.13(a).

In order to clarify the mechanism behind the red shift in the UV EL spectra, a
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theoretical calculation was performed to fit the EL spectra. It is well known that the
spontaneous emission spectrum is proportional to the product of density of states and
carrier distribution. Since the density of state is also proportional to the absorption

coefficient, the light emission spectrum [ (ha)) generally has the form [31],
I(ho) o« a(ho)x f(ho) (5.8)

where a(fiw) is the absorption spectrum, f(hw) is distribution of carriers which is
given by the Fermi-Dirac distribution, and E is the photon energy. According to
Eq.(5.8), knowledge of the absorption spectrum is necessary to obtain the light
emission spectrum.

The absorption spectrum can be derived from the Schrédinger equation of
relative motion of the electron-hole pair in the presence of an electric field F and the
attractive electron-hole Coulomb potential [32]. Following the steps in Ref.[32], an

analytic form of the absorption spectrum was obtained as follows:

2

1 1 [8e2
a(E)=ap(E) F[l—\/zjexp \/Eln -~ (5.9)

where o, (ha)) is the absorption spectrum in the presence of an electric field F
(known as the Franz-Keldysh efftct) without considering the effect of electron-hole
pair (exciton), and & is to the energy in excitonic unit. The I' and exponential
functions in Eq.(5.9) is a result of the excitonic effect on the absorption spectrum [32].
Afterwards, a convolution of «,_ (k@) with a Lorentzian function, L(fw), was
carried out to take the carrier scattering into account to obtain the accurate absorption

spectrum a(h aJ) :

a(ho)= [ [, (E)x L(ho - E)H(E) (5.10)

0
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in which

lz(hco—E):l % —. (5.11)
T (ho - E)? +(%)

where we choose the intraband relaxation time 7, as 16 fs which is in good

agreement with other publications. [33-35] Therefore, the theoretical light emission
spectra [ (ha)) were obtained according to Eq.(5.8) by the multiplication of the
resulting absorption spectrum a(ha)) of p-GaN by the Fermi-Dirac distribution
f (ha)) The fitting parameters in the theoretical calculations were the electric field F
at the p-GaN depletion region, and Fermi level. The calculated light emission spectra
were normalized and shown in Fig. 5.13(b). It can be seen in Fig. 5.13(a) and Fig.
5.13(b) that the theoretical curves agree quite well with the measured spectra
experimental data, except for the small peak appearing at 386 nm in the measured
spectra, which may originate from the ZnO near the n-ZnO/p-GaN interface [20].
Accordingly, it can be deduced that the UV EL originates from the electron-hole
recombination in p-GaN, and the red shift in the UV EL spectra with the reverse
breakdown bias results from the excitonic Franz-Keldysh effect under a large electric
field in the depletion region of p-GaN. It should be note that the good agreement
between the theoretical calculation and experimental data van not be achieved

without considering the effect of exciton.

5.4 Summary

At reverse breakdown bias, significant white-light EL, consisting of a blue light
at 450 nm and a broad yellow band around 550 nm, was observed from the
n-ZnO/p-GaN hetrojunction LED with a high-quality #n-ZnO epilayer grown by ALD.
The blue light comes from the Mg acceptor levels in p-GaN, and the yellow band may
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be attributed to the deep-level states associated with oxygen vacancies near the
n-ZnO/p-GaN interfaceA theoretical study on the -V characteristics at reverse
breakdown bias indicates that the current is dominated by the electrons tunneling
from the deep-level states near the ZnO/GaN interface to the conduction band in
n-ZnO. The mixing color of the EL observed by human eyes located at the coordinate
0f (0.31,0.36) in chromaticity diagram, which is close to the standard white light. The
white-light EL from this reverse-biased LED can be clearly observed even in a bright
room.

In addition, a 8% Al doped ZnO film was grown on p-GaN by ALD to fabricate
the n-ZnO:Al/p-GaN heterojunction LED. The LED emits UV light under reverse
bias, and the luminescence peak wavelength is altered as the bias condition changes.
The wavelength of the luminescence peak shifted from 372nm to 396nm as the
current increased from 35mA to 75SmA. A theoretical calculation has been performed
to fit the experimental data, and the fitting result indicates that the UV light originates
from the electron-hole recombination in the p-GaN depletion region and that the red
shift is caused by the increase in the electric field in the depletion region. In addition,
the low breakdown voltage can be attributed to the type II band alignment and the
large band offset between n-ZnO and p-GaN, which results in a high tunneling
probability from the p-GaN valence band to the #n-ZnO conduction band at a low

applied voltage.
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Appendix S5A

Derivation of Eq.(5.2)

The rate of tunneling from the state b to the state f can be expressed by Fermi-Golden

rule:
P= %’;K rIFp)fs(E, - E,) (A1)

The bound state b and the free state f with their energy £, and Ej respectively, are
illustrated in Fig.A-1.

Conduction band
E,
AN ¢
| —— N\ N\_
Eb ey Ly 4 f
bound state (b) free state (f)

2=0 Z.
Figure A-1 The band diagram of an electron in a bound state tunneling to a free state.

In order to calculate the tunneling rate, we have to find the wave function of the
bound state (deep level state) y;. As an electron is bound in a Coulomb potential well,

Schrodinger’s equation can be written as follows:

U v +V(r)}//b - By, (A2)

m

For an electron in a bound state, the wave function y, can be assumed to be
spherically symmetrical and thus to depend only on the distance » from the center of

the bound state. Therefore, Schrodinger's equation takes the form
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;’:* j—;(l’l//b)+V(r)(rl//b):E(rl//b) (A3)

Let V(r)=g , we can get the following equation
r

Lt (3,2 ) (a0

where A, is the barrier height as shown in Fig. 1, and the K(A) is the wavefunction
attenuation constant assumed to be a function of the barrier height. In general, the
A-K dispersion relation cannot be assumed to be parabolic in this case. Therefore, an
A-K relation called Franz-Kane relation (cf. Fig. A-2) calculated by two-band model

will be used.

. Loa .
Because the Coulomb’s potential well tail — is assumed small, we use the
r

Taylor’s expansion to expand the K function

K(Ab - %j = K(A,) - %(%) (A5)

CONDUCTION BAND

. K%-:—’?» (E-E¢)
Y - /
2 2, (E-EEHE-EIE)"\Y,«’
-~ M
-7 ~

N [k2=20 (g, -E)

VALENCE BAND

Figure A-2 Energy vs. square of the wave vector for electrons in the forbidden

band. (ref. K. H. Gundlach, J. Appl. Phys. 44 pp.5005-5010, 1973)
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Insert Eq. (AS) into Eq. (A4), the Schrodinger function of the deep level state

becomes
d> | prn )N dK(A) (o dK(A)Y
) )2 Kl 0 (K a0

Solve Eq. (A6) within the WKB approximation. Let w,(r) = r“¢™ and insert it into
Eq. (A6), then we can get the following equation

a(a—=0)r? + 2mar*™ + m*r* = K*(A, " =2p,K(A, )r*" + p,’r*?

(A7)
Let a=p, and m=-K,, we can get the bound state wave function
w,(r)=C,re ™ (AS)
. . . dK (A)
in which C, is a constant and p, = & A and K, =K(A,).
A=A,

Second, we calculate the wave function of the tail of free state in the forbidden region

in band gap

L
(2m*v +Fz+%Jw,(r):Efyff(r) (A9)

F is the electric field. For the convenience, we consider z direction only, the Eq. (A9)

can be written as

;l_m%l//f(Z): {K(A,f —Fz _%ﬂ ‘/’f(z)z K,;‘/’f(z) (A10)

the K(A) is the wavefunction attenuation constant and follows the Franz-Kane

i

, o2 . :
relation. Assume that (z)=e* , its first derivate is

wi(z)=L oo (A1)

vi(e)= Lo - L (o et (A12)
Insert Eq. (A11) and (A12) into equation (A10), we can get the following equation

1, o o LI
. /1(76’1 —?(O')zeﬂ =K;eﬂ (A13)

Now, we expand the phase function g(z) formally in powers of 1/i
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2
oo, +@al {9 oy +oe (A14)

Derivate Eq. (A13) and keep only the first two terms. We can get the first and second
derivates of Eq. (A13) as following

o'=0,+ (zja{ (A15)

i
" " 2’ 4

o' =0,+|— |0 (Al6)
i

Insert Eq. (A15) and (A16) into equation (A13), and we can get the following

equation

- {(a(; Y+ ﬂ oo - 1(o] )} + i/l{a(']' + (ijai =2mK? = K"’ (A17)
i i '

And compare the various orders of 4

(1) Consider the order of ’, we obtain

12 _ %2
oy =—K" (A18a)
or
! = +iK (A18b)

in which K" =K *(A ,—Fz —gj =i *(A} —EJ and using the Taylor’s expansion to
z E

expand K ", we can get

K*(A'f —%J = K*(A}.)—%(%A@)j (A19)

insert this equation into Eq. (A18b), we can obtain

o) = J_ri[K*(A;)—ﬁ(MJM J = _i(K*(A'f )- ﬁj (A20)

z dA z

Then, solve the differential equation, the zero order phase function ©o can be

written as
o, = i{sz*(A'f Mz + Zf—ﬂdzj (A21)
z

the integral boundary z. in Eq. (A21) has been defined in Fig. A-1 and the other
boundary z is in the forbidden region (z <z.).
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(2) Consider the first order terms (1) we have

20,0,+0, =0 (A22)

so that

1 C
=—1 A23
1) 2

in which C is a constant produced by the integration. Summarizing the results, from
Eq. (A21) and (A23), we obtain

i

l//f(z): e;"

. b
. z, P/
:expi J_rin*(A'f}lziiln(ij +iln( C, ]
z
S

z

:(ach (Z?] exp(i% {K*(A_’f):izj (A24)

using A=1, we can obtain

Wf(z):(ﬁ(;—,f)] (Z?j exp[¢£K*(A;}zzj (A25)

In the region of z<z, Eq. (A25) describes an exponentially increasing or decaying
solution in the classically forbidden region. The exponentially increasing solution is
clearly unphysical and has to be discarded, so that we have in the classically

forbidden region should be

e 2] ot

The K *(A'f) can be regarded as constant K P if z is close to z. (in high electric
field), and considering that z deviates only slightly from 7, i.e.,

62
z=rcosf = 1{1 +7J (A27)

so that,
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exp(— I'K_fdzj —expl-K, (2, - 2)]

2
= exp[— K, -(zc -r+ rg H

_I"Kf

K \z. —-r 6
=K (A28)

In order to match the spherical wave function at bound state, we averaging the

angle-dependent part of the (z) and get only » dependent wave function

l//f(z)zj.l//f(z)ded¢

Ky

py Ry
7 r

¢ Pr o Krze mp 1 Kyr

1 -pr—1 K.r
=— 7 r e =Cr e A29
2r K, ¢ 2K 7 : (A29)

in which Cyis a constant. Expand the z-axis dependent wave function (Eq. (A29)) into

all directions, so that, the wave function of the free state can be written as
\Pf(r) = l//f(’l) : V/f(z)

kor, -p,—1 K.r
= (4,e" Jo,r e ) (A30)
where, £, and r, is the wave vector and distance variable in the direction
perpendicular to the z-direction, and A4 | is a constant. From the bound and free states

wave function Eq. (A8) and Eq. (A30), the matrix element in Eq. (Al) can be

calculated as

<f |Fz|b> = J.\Pf*(Fz)‘Pbdz

= A e"" x F cos’ ij/.* xrx W, dr

= A e"" x F cos” 0 x (I C,r e xrx Cbr”b”e’Kb’dr)

= A" xCpyx FJ- rP P xrx e TR g (A31)
Further, by recalling that we are mainly interested in transition for which A, =A,,

we will set Ky ~ Kj, and pr = pp~1. Therefore, we obtain

(f|Felb) = d,¢4 x C,y x F [ rdr
0
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= A e"" x Cly x F x U zdz] (neglect the region z>z,, the overlap is small)
0

k z; 2 Afb ’
=4 " xC', x Fx—~ z% = =
* ” 2 (= eF )
k. r " 1
:ALe“xCﬂ)xF (A32)

where the Cy, are constants. So that

(f]F] b>r = |4,

2 " 1
XC/b XF (A33)

Finally, from Eq. (A1), the summation over the final states is transformed into a triple

integral in k space and thus into the expression:

1 m?| e E dE
P= ;n;_S[IE_O 5(E — Eb) X J.EL:O Kf |FZ| b>‘2 szl-dE
1 m? e E "
_ ;”;_5 < ["(r1Fp) < 8(E - E, )J.EFO‘ALe"i "dE dE
1 B
=D, X(ij[Bler FJ
= %exp(—%} (A32)

in which the C; and C, are constants. On the other hand the integration

£ A kyry
L€

E, =0

“dE . 1s illustrated in the Appendix 5B.
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Appendix 5B
Derivation of Eq.(5.4)

The probability 7 of band to band tunneling (cf. Fig. B-1) can be written as

72'2 X,
T= ?exp(— ZJ.O |zk|dx)

in which, k is the electron wave vector. Consider the x direction as the current direc-

(BI)

tion, and decompose k into

2 12 2 2 72 2
k™ =k +k,+k; =k, +k| (B2)

so that,

T = %zexp(— 2J-Ox' VK + k] dx)

(B3)

2m°gF

hZ

using j? = x and k =k -tan@ ,we can get the following equation

pc

W77 N
\ :

0 x

Figure 5B-1 Band diagram of the p-n junction and the shadow region is the band to

nv

band tunneling region.
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3
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3m'qF 2m
2 503
(B b3 @9

where m”" is the effective mass of electron, F is the electric field, E, is the band gap
energy, and £ is the kinetic energy of electron perpendicular to the x-axis. Then, we
expand the Eq. (B4) with Taylor expansion to first order and insert it into Eq. (B3).

Therefore, the band to band tunneling probability can be written as
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7 o “2E 2E, /E (BS)
="—exp| ———= |exp| —
o P T ap P75
in which,
p-N2F (B6)
m“E?

In order to obtain the tunneling current density, we using a simple model of a diode
J = nev (B7)
where 7 is the carrier concentration, and v is the velocity of the carrier, which can be

replaced by
138

_ = B8
h ok, B9

After all, we integrate the tunneling current through whole the tunneling region.

Therefore,
J = &
mdE d
2h3” T(E,)dE, dE, (dk, = k,dk d¢——¢)
em” E-E, -
BT { 2th JI |, A )]xexp( ZEL/EjdELdEX (BY)

where, f;(E) and f>(E) are the occupancy factor in n and p side. In reverse bias, we
assume the states in p-type valance band and n-type conduction band are fully
occupied and unoccupied, therefore, the factors f; and f> are 1 and 0. Base on that, the

integral limits should be range from E,. to E,, (cf. Fig. B-1).

*
em

:18h3 x[ 2\/_hF JJ- I exp( 2E, /EjdE dE (B10)

because of the value of E, distribute from 0 to E, therefore, dE, can be change to dE

and the integral limits are change to 0 to E.
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em” —m"E E  (E, -
J = ex £ Ix=x|"|1—exp| —2E/E ||dE Blil
187° p[ 22hF J 2 L[ p( ﬂ (B1D)

Define the integration as D

E,, -
D= jE {1 - exp[— 2E/EﬂdE

= (Epv -E. )+ % X {exp(— 2E,, /EJ - exp(— 2F, /Eﬂ (B12)

In the situation that E is much smaller than eV (applied voltage), the exp terms in

the equation can be ignored. Therefore,

D~(E, ~E,)=eV (B13)

where the applied voltage V" can be replaced by the electric field through the follow-

ing dependence when V' >>y/,.

F= q(y,, —V)N,N, ~ qV)N, N, (B14)
26 (N, +N,) 250" =0, )

Therefore,

D=CxF’ (B15)

where C is a constant. Insert Eq. (B6) and Eq. (B15) into Eq. (B11), we can get the

electric field related current density as following
3 B
J=AxF xexp(—;j (B16)

in which the 4 and B are constants.
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Chapter 6

Conclusion

In this thesis, we present the low-threshold stimulated emission of the ZnO and
Zn0O:Al epilayers grown on c-Al,0O3 by ALD and treated by post-deposition RTA and
furnace annealing process. The XRD measurement indicates that the ZnO epilayer
was highly c-axis orientated and the cross-sectional TEM images show that the
columnar structures were not formed in the ZnO epilayer, which may be attributed to
the layer-by-layer growth and low deposition temperature of ALD. The HRTEM
images display that a distorted ZnO layer exists at the ZnO/sapphire interface.
Because of the relaxation of the misfit by the interfacial distorted layer coupled with
the layer-by-layer growth of ALD, no obvious threading dislocations appeared in the
TEM images even though the lattice mismatch between ZnO and c¢-Al,Osis up to 18
%. A dominant UV emission at 3.28 eV with a negligible defect band was shown in
the spontaneous emission PL spectrum ascribed the good crystalline quality of the
ZnO epilayer.

The presence of Al in ZnO films reduces the stimulated emission threshold.
With the increase in the Al concentration the threshold of stimulated emission
decreases from 49.2kW/cm® of 0% to 12.2kW/cm® of 4% Al doping percentage. The
segregation of excess Al in the heavily doped ZnO:Al films might contribute to the
optical scattering centers, resulting in close-loop paths and coherent feedback, and be
responsible for the reduction in the threshold of stimulated emission with the
increasing Al doping percentage.

We also fabricated the n-ZnO/p-GaN heterojunction LEDs by growing n-ZnO

epilayer using ALD on the p-GaN and found that light emission from the Mg acceptor
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levels in p-GaN is obvious at a low injection current. With the increase in the forward
bias emission from n-ZnO gradually dominate the EL spectrum. Competition between
the ELs from ZnO and GaN is elucidated to be attributed to the interfacial layer as
well as the differences in the light emission efficiency and the carrier concentration in
n-ZnO and p-GaN layers. The achievement of UV EL at a low DC injection current
from ZnO indicates that the ZnO epilayers grown by the ALD technique are
effectually applicable to the next-generation short-wavelength photonic devices. In
addition, an aluminum external-feedback reflector was evaporated on the back of the
double-polished c-Al,O; substrate. Remarkable enhancement of the UV EL intensity,
superlinear increase in the EL intensity, coupled with the spectral narrowing, from
ZnO with the injection current are attributed to the external optical feedback and ASE
in the high-quality ZnO epilayer. The achievement of the electrically pumped ASE in
a ZnO epilayer grown by ALD indicates that the ALD technique is applicable to the
high-quality ZnO for next-generation UV photonic devices.

On the other hand, significant white-light EL, consisting of a blue light at 450
nm and a broad yellow band around 550 nm, was observed from the n-ZnO/p-GaN
hetrojunction LED at reverse breakdown bias. The blue light comes from the Mg
acceptor levels in p-GaN, and the yellow band may be attributed to the deep-level
states associated with oxygen vacancies near the n-ZnO/p-GaN interface. A
theoretical study on the /-V characteristics at reverse breakdown bias indicates that
the current is dominated by the electrons tunneling from the deep-level states near the
ZnO/GaN interface to the conduction band in n-ZnO. The mixing color of the EL
observed by human eyes located at the coordinate of (0.31,0.36) in chromaticity
diagram, which is close to the standard white light. The white-light EL from this
reverse-biased LED can be clearly observed even in a bright room.

In addition, a 8% Al doped ZnO film was grown on p-GaN by ALD to fabricate
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the n-ZnO:Al/p-GaN heterojunction LED. The LED emits UV light under reverse
bias, and the luminescence peak wavelength is altered as the bias condition changes.
The wavelength of the luminescence peak shifted from 372nm to 396nm as the
current increased from 35mA to 75mA. A theoretical calculation has been performed
to fit the experimental data, and the fitting result indicates that the UV light originates
from the electron-hole recombination in the p-GaN depletion region and that the red
shift is caused by the increase in the electric field in the depletion region. In addition,
the low breakdown voltage can be attributed to the type II band alignment and the
large band offset between n-ZnO and p-GaN, which results in a high tunneling
probability from the p-GaN valence band to the #n-ZnO conduction band at a low

applied voltage.
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