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ABSTRACT

Nitride semiconductors have wide applications in electronics and optoelectronics
technologies. Understanding the nature of the optical recombination process and its
effects on luminescence efficiency is important for the development of novel devices.
This dissertation deals with the optical properties of nitride semiconductors, including
GaN epitaxial layers and more complex heterostructures. The emission characteristics are
examined by cathodoluminescence spectroscopy and imaging, and are correlated with the
structural and electrical properties studied by transmission electron microscopy and
electron holography. Four major areas are covered in this dissertation, which are
described next.

The effect of strain on the emission characteristics in wurtzite GaN has been
studied. The values of the residual strain in GaN epilayers with different dislocation
densities are determined by x-ray diffraction, and the relationship between exciton
emission energy and the in-plane residual strain is demonstrated. It shows that the
emission energy increases withthe magnitude of the in-plane compressive strain.

The temperature dependence of the emission characteristics in cubic GaN has
been studied. It is observed that the exciton emission and donor-acceptor pair
recombination behave differently with temperature. The donor-bound exciton binding
energy has been measured to be 13 meV from the temperature dependence of the
emission spectrum. It is also found that the ionization energies for both acceptors and
donors are smaller in cubic compared with hexagonal structures, which should contribute
to higher doping efficiencies.

A comprehensive study on the structural and optical properties is presented for
InGaN/GaN quantum wells emitting in the blue, green, and yellow regions of the

electromagnetic spectrum. Transmission electron microscopy images indicate the



presence of indium inhomogeneties which should be responsible for carrier localization.
The temperature dependence of emission luminescence shows that the carrier localization
effects become more significant with increasing emission wavelength. On the other hand,
the effect of non-radiative recombination on luminescence efficiency also varies with the
emission wavelength. The fast increase of the non-radiative recombination rate with
temperature in the green emitting QWSs contributes to the lower efficiency compared with
the blue emitting QWSs. The possible saturation of non-radiative recombination above 100
K may explain the unexpected high emission efficiency for the yellow emitting QWs
Finally, the effects of InGaN underlayers on the electronic and optical properties
of InGaN/GaN quantum wells emitting in visible spectral regions have been studied. A
significant improvement of the emission efficiency is observed, which is associated with
a blue shift in the emission energy, a reduced recombination lifetime, an increased spatial
homogeneity in the luminescence, and a weaker internal field across the quantum wells.
These are explained by a partial strain relaxation introduced by the InGaN underlayer,

which is measured by reciprocal space mapping of the x-ray diffraction intensity.
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CHAPTER 1
INTRODUCTION TO LIGHT EMISSION IN SEMICONDUCTORS
1.1 PHOTON GENERATION BY LIGHT EMITTING DIODES

Generation of light by p-n junction diodes made of compound semiconductors has been a
great achievement in human history. It represents an improvement over older technologies by
directly and efficiently converting electric energy to light. This successful application has made
light emission in semiconductors an active and interesting research topic.

Figure 1.1 shows the principles of a p-n junction in light emitting diodes (LED). LEDs
consist of a stacked sandwich of p-type and n-type materials. Plotted are the energies for
conduction band (E.), valence band (E,) and Fermi energy (Eg). Forward bias on the junction
enables electrons to diffuse from the n-side towards the p-side, encountering holes diffusing in
the opposite direction. Thus, an excess of minority carriers are created within the junction region,
which leads to electron and hole recombination. Such recombination can result in an emission of

photons (i.e. radiative), whose energy are close to the band gap E,.

p-type region
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Fig. 1.1. Schematic diagram of a p-n junction showing the conduction band (E.), the valence band
(Ey), and the Fermi energy (Eg). Solid and open spheres represent electrons and holes,
respectively.

Double heterostructures (DH) provide higher light emission efficiencies than homojunctions.

A DH LED structure is shown in Fig. 1.2. It consists of an active region where recombination



occurs, and two confinement layers that have larger band gaps than the active region. Quantum

wells (QW) are frequently used in the active region to provide additional carrier confinement.

Contact «—— Active region
Double Top confinement layer
hetero-
structure Bottom confinement layer

Substrate

Contact

Fig. 1.2. Schematic structure of a double heterostructure LED consisting an active region and two
confinement layers.

Proper choice of semiconductors in the heterostructures is required for efficient and desired
light emission. Direct band gap materials with ability of both p- type and n- type doping are
favored.  Nitride semiconductors, for example, are successful choices for light emitting
applications.

1.2 NITRIDE SEMICONDUCTORS FOR LIGHT EMITTING DIODES

There are two primary reasons for choosing nitride semiconductors for light emitting diodes.
One is the strong chemical bond between Ga and N that makes the material stable under high
injection current or intense light exposure. The other is that the Al-Ga-In-N system has a large
direct band gap range covering the entire visible spectrum. Figure 1.3 shows the band gap energy
as a function of chemical composition x for Al,Ga;«N and In,Ga; 4N alloys. The color blocks
represent the energy range of the entire visible spectrum. The band gaps of AIN, GaN, and InN at
room temperature are 6.18, 3.43, and 0.70 eV, respectively. The band gap of their ternary alloys

can be calculated by

E, (AB, ,N) = XE, (AN) + (1— X)E, (BN) — bx(L- X) (L.1)



where A and B denote Al, Ga, or In elements, and b is bowing parameter. The bowing parameters

of AlGaN and InGaN used in Fig 1.3 are 0.7 eV and 1.4 eV, respectively.'
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Fig. 1.3. The band gap energy as a function of chemical composition x for Al,Ga; 4N and In,Ga;.
«N alloys, and the color blocks represent corresponding energy range in the visible spectrum. The
band gap energies are calculated using Eg. (1.1) and bowing parameters 0.7 eV and 1.4 eV for
AlGaN and InGaN, respectively.

P-type and n-type doping are also of great importance for light emitting applications. For
nitride semiconductors, p-type doping is considered a big challenge since the very beginning of
its development. Until the late 1980’s, p-type conductive GaN was believed impossible to
achieve due to self-compensation from residual donors, like nitrogen vacancies, and possible
formation of Mg-H complexes.>® The introduction of low-temperature buffer layer reduces the
intrinsic impurities to less than 10''/cm?®, opening the possibility for efficient p-doping.*® A
breakthrough was made in 1989 when p-type conducting GaN was achieved using low energy
electron beam irradiation on as-grown Mg-doped GaN, in which the electron beam dissociates the
Mg-H complex and rendered Mg into an active dopant.® Later in 1991, Nakamura showed that by
thermal annealing Mg-doped GaN, at temperatures up to 1000°C and under hydrogen-free
atmosphere, provides a faster and easier way for producing p-type conducting GaN.’

The first commercial blue LEDs made by nitride semiconductors were available in early

1994 by Nichia. From then on, devices with longer emission wavelengths have been fabricated
3



using InGaN-based QWSs. The commonly used layer structure is demonstrated in Fig. 1.4. It
consists of a p-n junction such that when a forward bias is applied, the electrons and holes are
injected toward the active region and recombine with each other. The QWSs are used in the active
region for better carrier confinement, so that a more efficient light emission with narrower spectra
width can be obtained. GaN layers with wider band gap than the InGaN wells are used as the

confinement layers, commonly called waveguides.

GaN buffer

Fig. 1.4. Device structure of a light emitting diode using InGaN QW:s as active region and GaN as
waveguides.

My research work has focused on the optical properties of GaN-based materials and devices
for light emitting application. Useful information can be found by studying optical emissions
from materials and devices. Foremost is the characteristic emission peak energy (or wavelength)
combined with knowledge of radiative recombination dynamics, which are associated with
various recombination mechanisms. Furthermore is the response of emission characteristics to all
kinds of perturbations, for example, temperature, strain, or injection current. The following
sections will elaborate these emission features with details.

1.3 LIGHT EMISSION CHARACTERISTICS
Electron-hole recombination results in light emission, and this process is illustrated in Fig.

1.5. In the vicinity of band edge (k=0), the energies of electrons in the conduction band and holes

4



in the valence band can be expressed using parabolic approximations, in which the electrons are
treated similar to free particles with plane-wave functions, and the free electron mass is replace

by the effective mass to represent the influence of the crystal lattice.

2,2
E=E + k* (for electrons) (1.2)
2m,
21,2
E=E, - Z k* (for holes) (1.3)

h

where m_ and m, are the electron and hole effective masses; E and E, are the conduction and
valence band edges; k is the wave vector for the electrons and holes. The effective masses of
electron and hole in GaN have been reported to be mj = 0.20 m, and m}, = 1.10m,.% For a

direct electron-hole recombination in which electrons and holes have the same momentum or k

value, using Eq. (1.2) and (1.3), the photon energy can be written as:

21,2 21,2 21,2
k k k
=k, + X (g, Ky, K (L4)
2m, 2m, 2m,
. . . . 1 1 1
in which m, is the reduced mass given by — = — +—.
m m, m,

Energy E

Wave vector k

Fig. 1.5. Energy dispersion plot showing electron-hole recombination mechanisms that conserve
momentum.
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The emission intensity at a certain energy given by Eq. (1.4) is proportional to the carrier
concentration, which is the product of the joint density of states and carrier distribution function.

The joint density of states is given by

N(E) =2i7[2(%)3’2,/E—Eg (15)

The distribution of carriers is given by the Boltzmann distribution,
fo(E) =g %/ (1.6)
So the emission intensity | as a function of emission energy E is proportional to the product of Eqg.

(1.5) and (1.6),

I(E) oc \[E—E e /tD (1.7)

Based on Eq. (1.7), the theoretical emission spectrum of an LED is shown is Fig. 1.6. The

maximum intensity occurs at

E=E,+1kT (1.8)

Density of states

Boltzmann distribution

Theoretical emission
spectrum

Emission Intensity

|
I
I
|
|
I
|
|
I
I
Il

Eg Eg+kT/2
Emission Energy

Fig. 1.6. Theoretical emission spectrum of an LED with maximum intensity at E = E_ +3KkgT .



1.4 RADIATIVE RECOMBINATION RATES

The derivation of the radiative recombination rate is dealt with time-dependent perturbation
theory in quantum mechanics.’ The perturbation due to electromagnetic radiation (photon) will be
disucussed next.. The interaction of photons with electrons in a semiconductor material can be

described by the following Hamiltonian:

H=_t (p—eA)* +V (r)
2m, (L.9)
2 272 )
P v A+Ap)+EA
2m, 2m, 2m,

where my is the free electron mass, A is the vector potential accounting for the electromagnetic
field, and V(r) is the periodic potential in the crystal. Using Coulomb gauge V-A =0 and for

most practical optical field, Eq. (1.9) can be expressed as:

H=H,+H'
2
H, =P +v(r) (1.10)
2m,
H=—%A.p (1.11)
mO

in which Hy is the unperturbed Hamiltonian, and H’ is the perturbation of photon.

Assuming the vector potential has the form of

A=eA cos(k,, - r—at)
(1.12)

— eieikop're—iaﬁ + eie_ikop'reiaﬁ

n

where e is the unit vector in the direction of the optical electric field, k, is the wave vector, and

w is the angular frequency. The perturbed Hamiltonian in Eq. (1.11) can then be written as:

H'(r,t) = —miA(r,t) p=H'(Ne™ +H" (r)e"™ (1.13)

0



eAe "
where H'(r) = —Z—e-p (1.14)

0
To find solutions w(r,t) to the time-dependent Schrédinger equation, the wave function is

expanded in terms of unperturbed solutions:

p(r) =2 a,[t)4 (e =" (1.15)

where ¢, (r) and E, are the wave function and eigenvalue of the state n for the unperturbed

Hamiltonian, |an(t)|2 represents the probability that the electron is in the state n at time t.

Substituting the Eqg. (1.15) into the Schrdlinger equation,

Z d Znt(t) Sn (r)e—iEnt/h _ _éz H '(I’,t)an (t)¢n (r)e‘iE“”h (1.16)

Taking the inner product with the wave function ¢; (r) and using the orthonormal condition, the

following equation can be obtained:

da,() _

- —%Zan (OH. (t)e (1.17)

where

Hpa(®) = (M[H(r,0]n) = [ 4, (N H' (r,)g, (N)d°r

o e (1.18)
= Hmne"“’t + anne“‘”t
E —-E
@, = L 1.19
> (1.19)
and the matrix element can be defined as
Hpo = [ 4, (0H! (N4, (r)dr (1.20)

Assuming initially the electron stays at state i in the absence of any perturbation, the zeroth-

order solution of the Schrd&linger equation can be written as



ai(O) (t)=1

] (1.21)
a%t)=0 m=i
Then the first-order solution is obtained from
LAl =""H, 0
dt h (1.22)
_ % (H 'ﬂel((uf,—m)t +H 'fJirel(a)f,+w)t)
By integration,
- i(wg-o)t i(wg+o)t
-1, .e€ -1 ., e -1
af’ (t) = — (Hy———+H{———) (1.23)

The probability of the electron in the final state is given by
2 27, 2 27t . 2
@P @ =~ Hi| Sy -a)+—Z|H [ 6oy +0) (129

if we consider the photon energy to be near resonance, either @ ~ @,; or® ~ -y .

The transition rate is

Wi, = %‘a(fl) (t)‘z

. o (1.25)
:7\Hﬁ\ S(E, —E, —ha))+7‘Hﬁ‘ S(E, —E, +ho)

The first term corresponds to the absorption of a photon, since E; =E, + i@ . And the second

term corresponds to the emission of a photon, since E; = E, -7®.

The total emission rate from initial state b to final state a (E, > E,) per unit volume in the

material, considering the probability that the initial state b is occupied and the final state a is

unoccupied, is

Roa :\%ZZ%HQa “S(E, —E, +ha) f,(1-1,) (1.26)
ka kb




The above equation sums over all possible initial and final states, and the prefactor 2 takes into

account the sum over spins. The Fermi-Dirac distribution is assumed that

f, :m is the probability that state a is occupied. Similarly, the total absorption
+e

rate is

S(E, —E, —ha)f,(1-f,) (1.27)

2 27y, 2
—b :V;;%‘Hba

So the net absorption rate per unit volume is

2
R= Raab baa - ZZ ﬂ-‘ ba

‘S(E,—E, —hw)(f,—1,)  (128)

For interband transitions between the valence band and conduction band, and assuming that
the valence band is completely occupied, and conduction band is empty, the net transition rate

between the valence band and conduction band is
2 27, 2
R=R __-R =— —1H
V—>C C—V V %% h ‘ cv
2 27, |2
= VZZ—\HW
2
\72

k

fe)

(1.29)

epcv 5(E -E,-hw)

The joint density of state N, is introduced by converting the sum over k into the integral of

energy,

2

2 ®©

de N, (e)le-Po| O(E, +& —Nho) (1.30)

0

The integral can be carried out analytically and obtain:

2

R N, (ho-E, e p., (1.31)

T omin
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The momentum matrix element can also be replaced by the electric dipole moment. Since

d m,
=m,—r=—(rHy—H,r
p=m, - 1= (MHo—Hor),

N

ep,, = %(;ﬁc le(rHy — HoP)| )

m, 3 N
_E(Ev Ec)<¢c|e r|¢v>

mew "
== Ol 1.32
i (1.32)

Therefore, the net transition rate depends on the momentum-matrix element in Eq. (1.32) and
the joint density of states in Eq. (1.5). The Eq. (1.32) can also be interpreted as the overlap of
electron and hole wave functions. Thus, if the overlap between electron and hole wave functions
is enhanced, the radiative recombination rate is increased. This effect is more pronounced in QW
structures.

1.5 TEMPERATURE INDUCED EMISSION ENERGY SHIFT

The variation of energy gap with temperature is due to thermal expansion of lattice. The
relation between temperature and band gap E4in semiconductors is illustrated as Varshini’s

formula:*°
E, =E,—aT? /(T +p) (1.33)
where Ey is the energy gap at 0 K, and « and £ are constants.

Varshini’s equation has successfully represented the experimental measurements for
diamond, Si, Ge, 6H-SiC, GaAs, InP, and InAs.X® For wurzite GaN, it has been reported that the
fitting parameters are o =0.375meV and f=270K for the temperature variation of free
exciton A emission.”* However, S-shaped temperature dependence of emission energy has been
reported both in InGaN and AlGaN systems.’**® The experiments showed a continuous blue shift

of the spectral peak position with respect to the values predicted by the Varshini’s equation. This

behavior can be explained by the involvement of localized states in the radiative recombination.
11



Eliseev et al. proposed a band-filling model involving with band-tail states, in which
fluctuations in alloy composition provides the source for tail states.® The composition

fluctuations result in local potential minimal and cause localized states in the band tails. In his
model, the density of localized states is a Gaussian function having dispersions of o’

Pen(E) = poen €Xp[-(E - EOe,h)2 /Zage,h] (1.34)
where pye, Pons Eger Eon 0. @Nd oy, are fixed parameters for band-tails of electron and hole

states. The spontaneous emission rate then can be expressed as

r,, (V) = B() [ o, (E +hv) £, (E +hv) p, (E) f, (E)dE (1.35)

where B is the recombination coefficient, and f,(E), f, (E) are Fermi-Dirac distribution

functions for electrons and holes. And the integration over energy has considered all possible
transitions.

For the non-degenerate case, the Boltzmann approximation can be used for electron and
hole occupations, i.e. f,(E)=exp[(F, —E)/k;T] and f, (E) =exp[(E—-F,)/k;T], in which F,
and Fy, are quasi-Fermi levels for electron and hole, respectively. Using this approximation,
electron and hole distributions, N(E) and P(E) then can be given by

N (E) = pe(E) fe(E’T’ Fe)
= Poe exp[(Fe - Ege) / kBT]

1.36
xexp(-og, 1 2k3T?) o
Xexp[—(E — E;e)z /20'59]
P(E)=p,(E)f (E,T,F)
= Pon €XP[(Egy, — F) 1 ks T] (1.37)

xexp(—oz, 1 2k;T?)
xexp[~(E — Eg,)* / 205,]
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E,. and E,, are related to the central energies E,, and E,,, of the corresponding tails via:
E(;e:EOe_O-ge /kBT and E;h:th +O_§h /kBT . Thus,

r,, (hv) = Bj N (E + hv)P(E)dE
=B p,, 21, €XPI(F, — E..) I k T1exp[(Es, —F. ) / k. T]
xexp(-oc, 1 2kiT?) exp(-o;, 1 2KiT?)
x j exp[-(E +hv—E;,)?/ 262 1exp[-(E - E,, ) / 202, ]dE
=B p,, 2o EXPI(AF —hv,) / kT Texpl(-2) / 2kT %]
x [ exp[~(E +hv—E,,)* 1 257, Jexp[~(E - E;,)* / 203, dE

(1.38)

The convolution of a pair of Gaussian functions is also a Gaussian distribution with a sum of

partial dispersions, so
I, (V) oc exp[—(hv —hv,)* / 204 ] (1.39)
where AF=F, —F,, hv, = E;, — E,, and o} =, + 05, -
The spontaneous emission spectrum thus is in Gaussian distribution with central peak given
by

hv, = Ege - E;h = Eqe _O-ge kgT —Ey, _O-gh TkgT

1.40
=E, —oi 1k, T (140

The quantity E, = Ey, — E,;, relates to the band gap E4, and it follows the temperature

dependence of the band gap, as described by the Varshini’s equation mentioned earlier. The

temperature dependence of the emission peak then can be expressed as:
d(hv,)/dT =dE, /dT +0r 1k, T? (1.41)

The second term on the right hand side in Eq. (1.41) can explain the anomalous blue shift with
temperature, and the magnitude of this blue shift is related to the dispersion in the density of state.
For InGaN/GaN QWs, at sufficiently low temperatures, excitons tend to be localized in the

potential minimal due to indium inhomogeneity. With increasing temperature, excitons become

13



more energetic, and are able to be excited from the localized band tail states to extended states.
This thermal excitation can explain the well-observed blue shift in emission energy. However,
when the temperature continues to increase, this band-tail-filling mode is not applicable due to
strong degeneracy and a possible deviation from the quasi-equilibrium state.
1.6 THE PIEZOELECTRIC EFFECT

For a thin film of wurtzite InGaN grown on GaN along the c-axis (0001) direction, there
exists a large piezoelectric field. This electric field is due to a high biaxial compressive strain in
coherent growth, as well as large piezoelectric constants in the growth direction. The

piezoelectric polarization in the growth direction can be expressed in terms of strain:*’
CZ
P, =2d,,6,(C,, +Cy, - 20_13) (1.42)
33

where ds; is the piezoelectric modulus; Cis the elastic stiffness component; and &, is the in-

plane compressive strain.

In a quantum well structure, different piezoelectric and strain properties of well and barrier
materials will result in different polarizations. This change of polarization is abrupt at the
interface and introduces a fixed charge density in the neighborhood. Moreover, the accumulated
charge at the interface will result in an electric field. For an arbitrary n-layer structure, two
boundary conditions are assumed in order to calculate the electric fields induced by piezoelectric
effect. One is that the electrical displacement vector is continuous at the adjacent interfaces; the
other one is that the total potential drop across the structure is zero. Using these boundary
conditions, the electric field is given as:

GRS

i 1
g R ko

] £k
k

F (1.43)

wherel, and ¢, are the width and the electrical permittivity of the ki, layer, respectively.
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To simplify the situation, we consider a single QW, and assume a uniform dielectric constant

across the structure. The magnitude of the piezoelectric field is:

. (Pb,w B Pw,b)lb,w

P e, +1,) (L44)

The electric fields in the well and barrier layer are of opposite sign, and the distribution of
magnitude across the structure is proportional to the ratio of layer widths. Hence, a thin layer will
have a higher electric field than a thick layer.

The energy band will be modified due to the presence of the piezoelectric field. This

variation of band profile can be described by:

V(z)=eRz+V,, forz<0
eF,z, forO<z<l, (1.45)
eRz+F,l,+V,, forz>1,

where |, is the well width and V,, is the barrier height. Figure 1.6 shows the tilted band structure
in aninGaN/GaN quantum well with a built-in electric field. The probability distributions for the
ground state and the first excited state for electrons and holes are also shown. The electrons and

holes are localized toward opposite sides in the quantum well.

s F
2k 4

os |- | -7
oa |-

“T }\ h1

0.4 = h2

—

-1.2 =

Band energy (eV)

L, | I | PR | I | P |
0 1 2 3 4 5 6
Distance (nm)

Fig. 1.7. Tilted band structure in an InGaN/GaN quantum well with a built-in electric field. The
probability distributions for the ground state and the first excited state for electrons and holes are
also shown. (Courtesy of Dr. Qiyuan Wei, a former group member)
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The change of the band profile due to the piezoelectric field can have a significant impact on
the emission properties. The well-known quantum confined Stark effect manifests itself as an
decrease of the transition energy and a decrease of transition rate.’®*?° The later can be explained
by the reduction of the dipole matrix element described in Eq. (1.32).

1.7 NONRADIATIVE RECOMBINATION

In addition to radiative recombination, electrons and holes can also recombine and convert
energy to vibrational energy of lattice, i.e. phonons. This recombination mechanism is called
non-radiative recombination, which reduces the emission efficiency and is unwanted in light
emitting devices.

There are several possible mechanisms for non-radiative recombination in semiconductors,
as shown in Fig. 1.8. A common mechanism is when recombination occurs at defects in the
crystal structure, for example, dislocations, foreign atoms, or vacancies.”? These defects have
energy levels in the forbidden gap, and allow recombination through these energy levels, as
shown in Fig. 1.8(a). Another important mechanism is Auger recombination shown in Fig. 1.8(b).
The energy produced by electron-hole recombination is used to promote a free electron to a
higher state in the conduction band, or a hole to deeper state in the valence band. Auger

recombination is more pronounced at very high excitation densities.

(a) (b)
@® [ X ) ®

defect
level =]

Fig. 1.8. Non-radiative recombination: (a) via a defect level, and (b) via Auger recombination.
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In semiconductors with non-radiative recombination centers, the total probability of

recombination is given by the sum of the radiative and non-radiative probabilities:
=ty (1.46)
where 7, is the radiative lifetime and 7, is the non-radiative lifetime. Thus, the internal

guantum efficiency ( the ratio of the number of photons emitted inside the semiconductor to the

number of electrons injected into the semiconductor) is given by

-1
_ (1.47)

o

In order to achieve high internal quantum efficiency, one possibility is to enhance the radiative
recombination rate, and the other one is to decrease the non-radiative recombination rate.

1.8 LAYOUT OF THIS DISSERTATION

This dissertation investigates the optical properties of GaN and InGaN-based hetero-
structures.

Chapter 2 reviews the main experimental technique, cathodoluminescence (CL), used during
my doctorate program. The basic principle, experimental setup, and operation modes of
cathodoluminescence are discussed therein. In addition, time-resolved CL is also discussed for
the study of carrier dynamics. Examples of their applications on nitride semiconductors are
presented as well.

Chapter 3 presents the study of strain effects on the optical emissions in GaN heteroepitaxial
layers with different dislocation densities. It is combined with the microstructure study using a
transmission electron microscope (TEM) and strain determination using x-ray diffraction. The
dislocation densities are estimated for three epitaxial layers and the strain are also directly
determined by measuring lattice parameter. The relationship between the emission energy of
excitons and the in-plane compressive strain is demonstrated, and the emission energies increase

with the residual strain.
17



In chapter 4, the fundamental optical transitions in cubic GaN and its temperature
dependence are studied by cathodoluminescence. The excitonic transition, donor-acceptor pair
recombination and its phonon replica are well resolved. The experimental results show that the
ionization energies for both acceptors and donors are smaller than their counterparts in the
wurtzite structure, which can contribute to efficient doping.

Chapter 5 presents the structural, optical, and electronic properties of blue, green, and
yellow-emitting InGaN/GaN quantum wells (QWSs). The effects of carrier localization, internal
electrostatic fields, and non-radiative recombination on the light emission efficiency have been
investigated. Carrier localization effects are manifested by compositional inhomogeneities, and
temperature dependences of emission energies and radiative lifetimes. The electrostatic fields in
the QWSs, which results in long recombination lifetimes, are demonstrated in energy potential
profiles. The effect of non-radiative recombination is also discussed regarding the emission
efficiency.

Chapter 6 presents the effect of InGaN underlayers on the electronic and optical properties
of visible InGaN/GaN quantum well structures. A significant improvement of the QW emission
efficiency is observed as a result of the insertion of the Ingy3Gagg;N underlayers, which is
associated with a blue shift in the emission energy, a reduced recombination lifetime, an
increased spatial homogeneity in the QW luminescence, and a weaker internal field across the
QWs. These are explained by partial strain relaxation evidenced in the reciprocal space mapping
of the X-ray diffraction intensity. Electrostatic potential profiles obtained by electron holography
provide evidence for enhanced carrier injection by tunneling from the underlayer into the first
Qw.

In Chapter 7, the main findings of this dissertation are summarized and future work is

suggested.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

2.1 CATHODOLUMINESCENCE SPECTROSCOPY AND IMAGING

Cathodoluminescence (CL) refers to the emission of light which results from the interaction
of an electron beam with a specimen. When an electron beam is bombarded onto a material, part
of the incident energy excites valence electrons in the material to higher energy states in the
conduction band. This promotion will create free electron-hole pairs, and subsequent radiative
recombination of these pairs leads to characteristic light emission.

The electron beam energy dissipation and the corresponding excitation volume in the
material can be described using analytical approximations. The effective depth to which energy
dissipation extends in the material is known as the Gruen range, or penetration range. This

penetration range is important to us in view of CL analysis. The Gruen range of the electron
penetration is a function of the electron beam energy E,, R, =(k/p)E;, where p is the
density of the material, k and « depend on the atomic number of the material and also the

electron beam energy.! A more general model derived by Kanaya and Okayama gives the

penetration range as:
R, =(0.0276 A/ pZ***)E;*" (1um) (2.1)
where o is material density in g/cm® ; E; is electron beam energy in keV; A is the atomic weight

in g/mol; and Z is the atomic number. The penetration range as a function of the electron beam
energy for GaN using this model is shown in Fig. 2.1, in which A is 83.73g/mol and p is 6.15
glcm®. The sum of atomic numbers of Ga and N (Z=38) is used in Eq. (2.1). This dependence of
penetration range provides a capability for depth-resolving in CL using various electron beam
energy. However, special attention has to be paid on the influence of accelerating voltage on

guality of images taken by scanning electron microscope. At higher accelerating voltages, the
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beam penetration and diffusion areas become larger, resulting in unnecessary signals (like back-
scattered electrons). These signals can reduce the image contrast and veil the fine sample surface

structure. Thus, we need to carefully choose accelerating voltage for different purposes.
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Fig. 2.1. The penetration range as a function of the electron beam energy for GaN using Eq. (2.1).

Figure 2.2 shows an example of depth-resolved spectra for an LED structure (using
InGaN/GaN QWs in the active region, and p-type and n-type GaN cladding the active region as
waveguides). When the electron beam, with accelerating voltages of 5 kV and 8 kV excite the
structure, only the emission peak associated with defects in Mg doped GaN is observed, which
means the electron beam excites mostly the top p-type region. By increasing electron beam
energy, the emission from the QWSs emerges at about 12 kV, followed at even higher beam

energy by the emission from the underneath GaN layer.
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Fig. 2.2. An example of depth-resolved spectra for an LED structure. Emissions from different
layers can be resolved by varying accelerating voltage of the electron beam.

Another advantage of the cathodoluminescence is that it has the ability to focus to very small
spots, about 3-5 nm in size, which gives us the possibility to detect spatial variations of the
luminescence. Figure 2.3(b) shows the emission spectra taken at different locations, marked in
Fig. 2.3(a), on a cross section GaN film grown by the ammonthermal technique. This result has
been published in Ref. 3. The grown crystal has strong near band edge peak at 3.41 eV, with a
very low blue-yellow luminescence. However, the interfaces between the seed and the new
growth (areas 4 and 6) have strong yellow luminescence. Note that the blue luminescence in area
4 may contain either more impurities or more defects than in area 6. From these patterns, one can
find that the crystal quality improves with growth. The strong near band edge peaks at 3.41 eV
measured at areas 1 and 2 are similar to the one at area 5 (seed), and the yellow and blue bands
decrease as the crystal grows thicker. It has been reported that impurities, native point defects,

and dislocations could all be the sources of the yellow luminescence.**
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Fig. 2.3. (a) Cross section image of ammonothermal GaN crystal; (b) CL spectra taken at
different locations in the cross section marked in (a) to compare the seed, the nitrogen terminated
face and galium terminated face.

Moreover, a large number of CL spectra taken at different spatial locations can be put
together to generate CL images of luminescence. Figure 2.4 shows a CL image of a-GaN grown
on patterned r-sapphire substrate. The monochromatic CL image is produced by setting the
spectrometer at the wavelength of GaN band edge emission peak, and luminescence intensities

are recorded at different locations by raster scan. Plan view scanning electron microscope image

of the patterned r-plane sapphire substrate is shown in Fig. 2.4(a). The hemisphere array is
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uniform in size and arranged in hexagonal symmetry. The monochromatic CL image in Fig.
2.4(b) exhibits inhomogeneous features with dimensions and morphology similar to that of the
patterned substrate: some round areas distributed in a hexagonal symmetry appear bright and are
bounded by dark regions. It should be noted that because of a limited spatial resolution of CL
caused by relatively large excitation volume and diffusion length, the boundary of emission
pattern is not sharp, and the size of the bright regions appear larger than of the hemisphere

dimensions. This result has been published in Ref. 6.

(@) (b)
Fig. 2.4. (a) Plan view scanning electron microscope image of the patterned r-plane sapphire
substrate; (b) CL image taken at the GaN band edge emission.

Figure 2.5 shows the CL set up installed in a scanning electron microscope, a JEOL 6300
equipped with a LABg thermionic electron gun, which provides us a convenient mean of
excitation. The electron beam tilt and shift are controlled by the condenser lenses. The light
emitted from the samples will be reflected towards a movable parabolic mirror on top of the
sample stage. The sample surface is adjusted to the focal point of the mirror for maximum light
collection. The mirror contains a pinhole in the center, which allows the electron beam probe to
pass through, scan, and excite the sample. The reflected light transmitting through a slit will be

analyzed by a spectrometer and then detected by photomultiplier tube.
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Fig. 2.5. The CL set up installed in a scanning electron microscope. CL measurements are
facilitated by additional equipment, which consists of a parabolic mirror, the spectrometer, and
the detector.

2.2. TIME-RESOLVED CATHODOLUMINESCENCE

Time-resolved CL measurement can provide more quantitative information about minority
carriers. In particular, the minority carrier lifetime can be derived from the temporal dependence
of the CL intensity.

In time-resolved CL, the precise time measurement is extremely important. Time-correlated
single photon counting (TCSPC) is used to measure the arrival time of each individual photon.’
We deal with a detector signal which is a train of randomly distributed pulses corresponding to
the detection of the individual photons. There are many signal periods without photons; other
signal periods contain one photon pulse. Periods with more than one photon are very rare. The
TCSPC technique makes use of this fact that for low-level, high-repetition-rate signals, the light
intensity is so low that the probability of detecting one photon in one single period is far less than
one. Therefore, it is not necessary to provide for the possibility of detecting several photons in
one single period. It is sufficient to record the photons, measure their time in a single period, and
build a histogram of the photon times. When a photon is detected, the time of the corresponding

detector pulse in the signal period is measured. The events are collected in a memory by adding a

26



“1” in a memory location with an address proportional to the detection time. After many photons,
the distribution of the detection times builds up in the memory.

This method requires blanking of the electron beam so that it strikes the sample for certain
fixed intervals of time. This is achieved by blanking plates installed in the path of electron beam,
which are connected to a pulse generator. The frequency of the electron beam pulse can be
adjusted from 1 kHz to 1 MHz. The pulse rise and fall times were below 100 ps with an overall
system resolution under 400 ps measured with a GaAs photocathode detector. The time
resolution of our system makes it situable for the measurement of lifetime for InGaN QW
structures. The time of detection of a photon is measured from the reference pulse from the
excitation source, which demonstrates the time dependence of light emission. Figure 2.6 shows a
typical temporal dependence of CL intensity, which is called a transient. When the electron beam
is switched on, the luminescence intensity builds up, eventually reaching a quasi-steady state.
And after the electron beam is switched off, the decay in luminescence is observed. The
recombination lifetime 7 can be extracted from the transient by fitting the luminescence decay
with a single exponential function.

I(t)=1,exp(-t/7) (2.2)

where |y represents the intensity when the beam is just switched off.
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Fig. 2.6. Schematic pulsed excitation and corresponding temporal dependence of luminescence
intensity. The frequency of the electron beam can vary from 1 kHz to 1 MHz. The turn on and
turn off time for the electron beam is less than100 ps.
In addition, transients taken at different wavelengths can be put together and form time-
resolved CL spectra. Figure 2.7 shows the time-resolved CL spectra for InGaN QW structures
emitting at 465 nm. The QWSs demonstrate a redshift after the electron beam is switched off.

This redshift can be explained either by band empty effect, or a restored electric field due to the

decrease in excitation density.

Beam Beam
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Fig. 2.7. Time-resolved CL spectra for InGaN QW structures emitting at 465 nm. The QWSs
demonstrate a redshift after the electron beam is switched off.
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CHAPTER 3

DISLOCATION DENSITY AND STRAIN EFFECTS IN GAN EPITAXY ON SAPPHIRE

A study is reported on the effect of dislocation density and residual strain on the light
emission characteristics of GaN epilayers grown on sapphire. A linear relationship is
demonstrated between the exciton emission energy and the in-plane compressive strain calculated
with respect to the epilayer which has highest dislocation density. It shows that the exciton
emission energy increases with the magnitude of the in-plane compressive strain. This study was
carried out by a combination of transmission electron microscopy (TEM), x-ray diffraction
(XRD), cathodoluminescence (CL) and photoluminescence (PL) spectroscopy. The dislocation
densities and the lattice parameters in the low temperature buffer layer are determined TEM. The

lattice parameters of the GaN epitaxial layers are obtained by XRD.
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3.1 INTRODUCTION

Heteroepitaxial growth involves deposition of a film on a substrate, typically encountering
lattice and thermal-expansion mismatch. In the early history of growth of GaN, the films were
composed of sub-micrometer crystalline grains and rough surfaces. The problem was solved by
the use of low-temperature (~500°C) thin buffer layers, which is also known as nucleation or
wetting layer."? This is followed by growth of GaN layer at high temperatures (typically ~
1000°C). At the beginning of the high-temperature growth, GaN islands nucleate on the buffer
layer. The island nucleation density is related to the numbers of dislocations. These islands
coalesce subsequently and eventually result in a flat surface. GaN epilayers grown on sapphire
substrates are characterized by dislocation densities up to 10'° cm™.® Growth conditions in the
early stage of high-temperature growth are critical for controlling dislocation densities. In
addition, the thermal expansion characteristics of GaN differ significantly from sapphire.* The
consequent thermal stress that develops during cooling down from the high growth temperature
can generate high levels of strain in the film. Due to the low crystal quality of the buffer layer, it
is difficult to observe misfit dislocation at the interface, hence threading dislocation is an
indicator for strain relaxation and epilayer quality.

The aim of this study is the determination of the dislocation densities, residual strain and
their effects on the optical properties. The dislocation densities and the lattice parameters in the
low temperature buffer layer are determined by high-resolution transmission electron microscopy
(TEM) images. The in-plane strain in the GaN epitaxial layers are calculated with respect to the
epilayer which has the highest dislocation density, using lattice parameters obtained by x-ray
diffraction (XRD). Furthermore, the relationship between the emission energy of excitons and the

in-plane compressive strain is demonstrated.
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3.2 EXPERIMENTAL DETAILS

The GaN epilayers were grown by metal-organic chemical vapor deposition on (0001)
sapphire substrates. A low-temperature buffer layer technique was used in the growth: after
proper pretreatment of the sapphire substrate, a very thin GaN buffer layer was deposited at
relatively low-temperatures (LT, 500-600°C) to provide adequate nucleation sites.” ? Then the
growth temperature was ramped up to 900-1200°C to anneal the LT buffer layer and then deposit
a thick GaN epilayer. Generally the structural characteristics of the thick GaN epilayer is
determined by various growth parameters such as temperature, pressure, V/III ratio, and buffer
layer thickness.” We have obtained three GaN epilayers with different dislocation density to
study the residual strain and related effects.

The threading dislocation densities and residual strain in the GaN epilayers are characterized
by TEM and XRD measurements. The light emission characteristics are evaluated by
cathodoluminescence (CL). Cross-sectional thin TEM specimens were prepared using standard
mechanical polishing and argon-ion milling techniques. The microstructure was studied using a
field-emission TEM with incident electron beam energy of 200 keV. CL spectra were obtained at
liquid-helium temperature in a scanning electron microscope operated at an electron acceleration
voltage of 5kV.

3.3 STRUCTURAL PROPERTIES

Figure 3.1 shows cross-sectional TEM images for the three GaN epilayers. A diffraction
condition g = [11-20] in Fig. 3.1 is chosen so that only dislocations with an edge component are
visible. From TEM images taken with g = [0002] which are not shown here, we can conclude
that more than 80% of the dislocations have an edge components (edge- or mixed- dislocation
types). The thickness of the TEM specimen was determined by convergent beam electron
diffraction (CBED) technique in order to estimate the threading dislocation density (TDD). The

regions shown in Fig. 3.1 have a similar thickness (~ 200 nm = 15%), so the TDD for three
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epilayers can be compared directly. The TDD in epilayer # 1 is about one order of magnitude
lower than epilayer # 2, and two orders of magnitude lower than epilayer # 3. By averaging over
a large area, the TDD in samples 1, 2, and 3 were estimated to be 4.5x10"/cm?, 5.0<10%/cm?, and

5.0x10%cm? , respectively.

(a)

(b)

Fig. 3.1. Cross-sectional TEM images of three GaN epilayers with increasing dislocation density
from (a) to (c). The diffraction condition chosen is g = [11-20].

In addition, lattice parameters can be determined by high-resolution TEM images. A typical
lattice image including the sapphire/LT GaN buffer layer interface and its Fourier transformed
image are shown in Fig. 3.2. By counting the average number of substrate fringes nave between
two terminating fringes at the interface in the Fourier transformed image, we can obtain the lattice
parameter ae using the following equation:

Nave(ae — as) = e 3.1
where a; is the lattice parameter of the substrate. Therefore, the lattice parameters in the LT

buffer layer are determined to be a,=3.145 for epilayer #1 and a,=3.163 for epilayer #3.
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AR

Fig. 3.2. High-resolution lattice image of region that includes the interface between sapphire and
the low-temperature GaN buffer layer interface (top). A Fourier transformed image of the
interface region is shown (bottom).

The state of the strain in the HT GaN epitaxial layer differs from the state in the LT
buffer layer. Determination of in-plane strain in the epitaxial layer requires measuring the lattice
parameter a using XRD. This can be achieved by measuring the interplanar spacing d for (002)

and (105) planes. The interplanar spacing for (hkl) planes in wurtzite structure are expressed as

1
dypgy= |———— 3.2
hikdl \/ (2+k2+hK) 24 1 (3:2)

Figure 3.3 shows XRD 26 scan for the (002) and (105) diffraction spots of the three epitaxial

layers, and the interplanar spacing do, and dios are determined from the peak position in the 26
scan using Bragg’s law:

2dsin® = A (3.3
Then the lattice parameter ¢ and a are obtained using Eq. (3.2), are shown in table 3.1. The values
for epilayer # 3 which has the highest dislocation density, are close to the values obtained for
high-purity GaN powder by Reeber.® Thus, the epilayer #3 can be considered relaxed, and the
strains in the epilayers #1 and 2 are calculated with respect to epilayer #3. The in-plane strain can

be calculated using the following equation:
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Eyy = T (3.9)

ar
where a, is the lattice parameter for relaxed material, using the value of epilayer #3. The weak
diffraction of the (105) planes can introduce a large uncertainty in determining the lattice
parameter a and the strain calculated using Eq. (3.4). The other approach is using lattice

parameter ¢ and the relationship between the in-plane and perpendicular strains as follow:

_ Ce—Cr
€22 = o
__ GCs3
Ex = — 2Cy5 €2z (35)

Cis= 98 GPa and Cg= 389 GPa are used in the above equation.® The in-plane strain values
obtained are also shown in Table 3.1. These values are one order of magnitude lower than the
values determined in the LT buffer layer using high-resolution TEM.
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Fig. 3.3. XRD 6-20 scan for (a) (002) diffraction spot and (b) (105) diffraction spot of the three
epitaxial layers. Lattice parameter a and ¢ can be obtained from the peak position using Eq. (3.4)
and (3.5).
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TABLE 3.1. Lattice parameters and in-plane strain for three epilayers. The lattice parameters are
in angstrom units. In the case of GaN film, the strain is determined from the c-parameter
measured using x-ray diffraction data and the poisson ratio. In the case of the GaN buffer layer,
the strain is directly determined from the a-period in TEM lattice fringes.

Epilayer Disloca}tion Lattice Lattice Strain
Density parameter a | parameter c
1 4.5%10"/cm® 3.1866 5.1892 -0.075%
2 5.0x10%cm’ 3.1894 5.1886 -0.054%
3 5.0x10%/cm’ 3.1919 5.1872 0
Reeber® 0 3.19091 5.18796
Buffer
layer in 3.145 -0.147%
sample 1
Buffer
layer in 3.163 -0.091%
sample 3

3.4 OPTICAL PROPERTIES

Figure 3.4(a) shows the liquid helium temperature CL spectra for nominally undoped GaN
epilayers with increasing dislocation densities. For all three samples, the spectra are dominated
by sharp and strong excitonic emissions around 3.5 eV. Phonon replicas separated by 92 meV
from the central excitonic emission are also observed. In addition, a weak but wide blue band
emission around 3.0 eV is present due to residual deep acceptor levels.” ® The intensities of all
emissions decrease with the dislocation densities. The dominant excitonic emissions have
characteristic fine structures, and there are also slight energy shifts among the epilayers with
different dislocation densities. To investigate the effects of dislocation densities on the optical
properties, a close-up of excitonic emissions is shown in Fig. 3.4(b). The positions of neutral
donor bound exciton (l,), free A exciton (A (n=1)), free B exciton (B (n=1)), and the first excited
states of the donor bound exciton and the A exciton (I, (n=2) and A (n=2)) are marked for the first

sample. The other two epilayers both maintain the similar emission features. The emission peaks

red-shift with increasing dislocation density.
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Fig. 3.4. (2) The low-temperature CL spectra of three epilayers from # 1 to # 3 with increasing
dislocation densities. The vertical dash lines indicate the positions of phonon replicas. (b) A close-
up of the dominant excitonic emissions for these three epilayers. Neutral donor bound exciton (1,),
free A exciton (A (n=1)), free B exciton (B (n=1)), and the first excited states of the donor bound
exciton and the A exciton (I, (n=2) and A (n=2)) are marked.

We plot in Fig. 3.5 the emission energies of the A, B, and bound excitons as a function of the
fundamental A transition. The energy of the A exciton is considered to be an intrinsic feature of
each epilayer. In addition to our measurements, other data reported for epilayers with various
thicknesses, or on different substrates, or using different growth techniques, are also plotted for a

comparison.*™ Those emission energies can be found in Table 3.2. Despite a large discrepancy

among the reported values, there is clear linear relationship between the emission energies and
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the fundamental A transition. This experimental evidence can indicate the influence of
dislocation density on the emission energy, which is attributed to the residual strain in the
epilayer.

TABLE 3.2. Low-temperature values (<10 K) reported for transition energies of wurtzite GaN
epilayer.

Reference # A exciton (eV) | Bexciton (eV) | Bound exciton | Thickness (um)
9 3.4745 3.4805 3(31\(?7 150
10 3.4751 3.4815 3.469 110
11 3.485 3.493 3.479 4
12 3.4775 3.4845 4
13 3.4799 3.4860 3.4727 400
13 3.4962 3.5050 3.4900 3
14 3.4770 3.4865 3.471 not
communicated
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Fig. 3.5. Emission energies of the A, B, and bound excitons vs the A transition. Data in the box
are experimental results of this work.

The relationship between exciton emission energy and strain is shown in Fig. 3.6. The strain
values are calculated using Eq. (3.5). It is clear that the exciton emission energy increases linearly

with the magnitude of the in-plane compressive strain. The slopes of the linear fitting are also
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shown in Fig. 3.6, and they can be defined as “effective deformation potentials”. These effective
deformation potentials describe the relationship between the emission energy shift with strain.
The effective deformation potential is 11.8 eV for A exciton, 14.7 eV for B exciton and 9.7 eV for

bound exciton.
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Fig. 3.6. Relationship between the exciton emission energies and the in-plane compressive strain.
The slopes of the linear fitting are defined as effective deformation potentials.

3.5 PHOTOLUMINESCENCE RESULTS

Figure 3.7(a) shows photoluminescence (PL) spectra for the three epilayers taken at a
temperature of 10 K. A 325-nm HeCd laser with an average power of 60 uW is used for
excitation. Similar to the CL spectra, a redshift in the band-edge emission energy with increasing
dislocation density is observed. The positions of the neutral donor bound exciton (l,), free A
exciton (A (n=1)), and free B exciton (B (n=1)) are marked for each epilayer, except that B
exciton is not distinguishable in epilayer # 3. The peak energies are obtained by Gaussian fittings
with an uncertainty of ~ 0.2 meV, and they are plotted vs the strain in Fig. 3.7(b). The
deformation potentials obtained by the linear fitting are 9.8 eV for A exciton, and 12.6 eV for

bound exciton.
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Fig. 3.7. (a) Photoluminescence (PL) spectra for the three epilayers taken at a temperature of 10
K. The positions of the neutral donor bound exciton (I,) are marked with dot lines; the positions
of the free A exciton (A (n=1)) are marked with solid lines; and the positions of the free B exciton
(B (n=1)) are marked with dash lines. (b) The relationship between the PL emission energies and
the strain.

Figure 3.8(a), (b), and (c) show comparisons between the PL and CL spectra for the
epilayers # 1, # 2, and # 3, respectively. We observe a redshift in the emission energy and an
increase in the peak width. The increase in the peak width may be due to a deeper penetration

depth of photon excitation (~ 1-10 um) than the electron beam (~ 200 nm at 5 kV). Therefore, PL

can pick up signal from the regions close to the buffer layer where the material quality is not as
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good as regions close to the surface. This may also contribute to the different deformation

potentials extracted from PL measurements.
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Fig. 3.8. Comparisons between the PL and CL spectra for (a) the epilayer # 1, (b) the epilayer # 2,
and (c) the epilayer # 3.
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3.6 SUMMARY

The structural and optical properties of GaN epitaxial layers with different dislocation
densities are examined by transmission electron microscopy, X-ray diffraction,
cathodoluminescence and photoluminescence spectroscopy. The values of dislocation densities
are obtained from cross-sectional TEM micrographs, and the lattice parameters in the low-
temperature GaN buffer layer are obtained by high-resolution lattice image. The lattice
parameters in the GaN epitaxial layers are obtained by XRD measurement. The in-plane strain
with respect to the epilayer which has the highest dislocation density are determined, which is
about one magnitude lower than the value for the buffer layer. It is also shown that the exciton
emission red shifts with increasing dislocation density, and increases with the magnitude of the
in-plane compressive strain. Using emission energies from CL measurements, an effective
deformation potential has been defined to demonstrate the strain effects on the exciton emission
energy shift, which is 11.8 eV for A exciton, 14.7 eV for B exciton and 9.7 eV for bound exciton.
The deformation potentials using PL emission energies are 9.8 eV for A exciton, and 12.6 eV for

bound exciton.
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CHAPTER 4
OPTICAL TRANSITIONS IN CUBIC GAN

This chapter presents the fundamental optical transitions in cubic GaN and their temperature
dependences by cathodoluminescence. Excitonic transitions, donor-acceptor pair (DAP)
recombination and its phonon replica are well resolved. By using the thermal activated model, we
found that the activation energies of the excitonic and donor-acceptor pair emissions are about 12
meV and 9 meV, respectively. And for temperature below 100 K, the excitonic emission is
mainly due to bound excitons . They thermally dissociate into free excitons at higher temperature
and vary with temperature as the band gap. The binding energy of the impurities coincides with
the thermal activation energy. The donor-acceptor pair was also dissociated into band-acceptor
transition with an ionization energy of acceptors around 80 meV. These observations indicate that
the ionization energies for both acceptors and donors are smaller than their counterparts in

wurtzite structure, which can contribute to efficient doping.*

(*) Part of the results in this chapter is published as “Free carrier accumulation at cubic
AlGaN/GaN heterojunctions”, Q. Y. Wei, T. Li, J. Y. Huang, F. A. Ponce, E. Tschumak, A. Zado,
and D J. As, Applied Physics Letter, 3 April 2012, Vol. 100, 142108.
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4.1 INTRODUCTION

Since the first report on optical properties of GaN, numerous investigations have been
made because of its promising optoelectronic applications." Free exciton emission, donor and
acceptor bound exciton emissions, shallow donor-acceptor pair recombination, and the deep
yellow band emission have been reported.” The information obtained can be used to quantify
and verify important parameters of GaN, such as free-exciton binding energies, localization
energies of excitons bound to impurities, electron and hole effective masses.

The group-III nitrides are naturally stable in the hexagonal wurtzite structure, but recently
rapid advances have been achieved in depositing high-quality GaN in the cubic form.*® The
absence of polarization effect is one of the advantage of cubic nitrides over the hexagonal
counterparts. The cubic GaN can also offer advantage in technological application, in particular,
easy cleavage. However, the studies on cubic GaN have been sparse compared with hexagonal
GaN, and many basic properties have not been established. This work will investigate the optical
properties of cubic GaN and identified the basic emissions based on the temperature dependence
of the emission characteristics using cathodoluminescence. In order to fully understand the
characteristics of cubic GaN, backgrounds of fundamental emissions are briefly introduced in the
following section.

4.2 FUNDAMENTAL EMISSIONS

Excitons are primary candidates for optical assessment of crystal quality. They can be
considered in terms of a following model: an electron orbit about a hole due to a coulomb
attraction between these two opposite charges. This situation is very similar with the case of a

hydrogen atom. So the ionization energy of such a system can be expressed as:

x4
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where n is an integer indicating the exciton states, ¢ is the dielectric constant of the material, and

m’ is the reduced mass:

r

1 1 1
*= *+ *

m_ m m

r e

(4.2)

m, and m, being the electron and hole effective masses, respectively.

The electrons and holes which pair off into exctions can recombine, and emit a narrow spectral
line, which is called free exciton. In a direct band gap semiconductor with band gap E,, the
energy of the emitted photon is simply

hv=E, -E, (4.3)

At a cost of lower transition probability, a direct transition can also occur with the emission of

one or more optical phonons, called phonon replica with photon energy:
hv=E - E, —-mE, (4.4)

where E, is the phonon energy and m is the number of optical phonons emitted per transition.

In addition to free exciton, a free hole can combine with a neutral donor to form a positively
charged excitonic ion, and the electron bound to this donor still travels in a wider orbit about the
donor. This complex is called a "donor bound exciton". Similarly, an electron associated with a
neutral acceptor is called a "acceptor bound exciton”. When they recombine, the emission is
characterized by a narrow spectral width at a lower photon energy than that of the free exciton, by
an amount of binding energy of the donor or acceptor.

Donors and acceptors can also form pairs and act as stationary molecules embedded in the
crystal. The coulomb interaction between a donor and an acceptor results in a lower of binding

energies, and the energy separating the paired donor and acceptor states can be written as

2

hv=E,—E,—E,+ (4.5)
er
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where E, and Ep are the binding energies for the donor and acceptor; the fourth term on the right
represents the coulomb interaction. Since the impurities are located at discrete sites in the lattice,
the distance r varies by finite increments. Thus the interaction between donor and acceptor
provides a possible set of states, the emission spectrum should exhibit a fine structure with
discrete emission lines. However, at large values of r, these emission lines overlap, forming a
broad spectrum.

Transitions can also occur between the conduction band and an acceptor state, which

produces an emission energy at ho = Eg —E,, or between a donor state and the valence band,

which produces an emission energy at hv = Eg —E, . In most direct band gap materials, the

electron effective mass is considerably smaller than the hole effective mass. Therefore, the
binding energy of the donor is smaller than that of the acceptor. Hence, the donor-to-valence-
band transition gives higher emission energy than that of the conduction-band-to-acceptor
transition. And these two transitions most likely happen in semiconductors with a relatively low
concentration of impurities.
4.3 EXPERIMENTAL DETAILS

A cubic AlgsGag;N/GaN heterostructure was grown by plasma assisted molecular beam
epitaxy (MBE) on 3C-SiC (001) substrate by Dr. Donat As's group at Paderborn University in
Germany.® Growth of metastable cubic phase is unfavorable under the equilibrium condition
used in metal organic chemical vapor deposition, so MBE technique at lower growth temperature
is preferred. The layer thicknesses for GaN and AlGaN are 600 nm and 30 nm, respectively.

Electron holography measurement and simulation of electronic band diagram show that the
cubic Aly3Gag;N/GaN heterojunction has a quasi two-dimensional electron gas with a density of
5.1x10"/cm?, which originates from the donor states with density of 2x10"%/cm® in the AlGaN

layer."
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Cathodoluminescence (CL) was performed in a scanning electron microscope operated at
an electron acceleration voltage of 5 kV with a beam current of 400 pA. The spectra were
obtained from liquid helium temperature up to room temperature.

4.4 OPTICAL CHARACTERIZATION

Figure 4.1 shows the CL spectrum of the cubic Aly3Ga,;N/GaN heterostructure taken at
liquid helium temperature (4 K). Three well-resolved peaks located at 3.29, 3.17 and 3.09 eV,
with full-width-at-half-maximums (FWHM) of 33, 38, and 91 meV, respectively, correspond to
GaN band-edge emissions. The 3.29 eV peak is assigned to an excitonic transition in cubic GaN,
while the 3.17 eV and 3.09 eV peaks are assigned to a donor-acceptor pair (DAP) recombination
and its phonon replica, in good agreement with other reports.**** The AlGaN peak is at 3.95 eV
with a FWHM of 176 meV, and can be fitted by three Gaussian curves. These peaks are not as
well resolved as the GaN band-edge peaks, probably due to alloy fluctuations and residual
oxygen contamination. The peak at 3.95 eV gives a range of band gap difference between cubic

AlGaN and GaN from 0.66 to 0.78 eV, consistent with the nominal composition of the AlGaN

film.
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Fig. 4.1. The CL spectrum of the cubic Al,3Ga,;N/GaN heterostructure taken at liquid helium
temperature (4 K). The GaN band-edge emissions ( excitonic emission at 3.29 eV and donor-
acceptor recombination at 3.17 eV with its phonon replica), and the AlGaN band-edge emission
around 3.95 eV are observed.

48



Figure 4.2 shows the GaN band-edge emissions recorded at different locations at liquid
helium temperature. All spectra exhibit the excitonic emission, donor-acceptor recombination
and its phonon replica at almost identical positions, but the intensity ratios between these peaks
vary sensitively with locations. This spatial inhomogeneity can indicate the defects or impurities
forming the donor-acceptor pairs are not homogeneously distributed in the cubic material.
Secondary ion mass spectroscopy measurements indicated that oxygen may be the origin of the
donor states.” We also observed a small peak at 3.43 eV in the top spectrum, which can be an
indication of existence of hexagonal phase. At the meantime, the cubic excitonic emission is
much reduced, compared with the donor-acceptor pair recombination. These observation may
imply that the hexagonal phase exists in the highly defective region, where there is no significant
cubic excitonic emission. The presence of hexagonal phase has always been a serious problem
due to the metastable nature of cubic phase. However, in this case, we can safely conclude the
negligible influence of hexagonal phase based on the very low intensity of the 3.43 eV peak and

the absence of this peak from most regions.
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Fig. 4.2. The GaN band-edge emissions recorded at different locations at liquid helium
temperature. The three GaN band-edge emissions are observed at almost same positions but with
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various intensity ratios. The 3.43 eV peak marked in the top spectrum is originated from
hexagonal phase.

The temperature dependence of the GaN band-edge emissions in the range of 4 K- 300 K is
depicted in Fig. 4.3. The energy shifts and the intensity variation with temperature can offer more
information concerning the nature of the excitonic emission and the binding energy of the
impurities. The excitonic emission and the donor-acceptor pair behave in a different way with
increasing temperature. The excitonic emission red shifts with temperature, while the donor-
acceptor pair recombination blue shifts. The details of intensity variation and energy shifts are
demonstrated in Fig. 4.4 and 4.5, respectively.

Excitonic emission

l Donor-acceptor 4. K
pair e 30 K
p—75 K
e 150 K
200 K
s 300 K

Phonon replica

CL Intensity (arb. unit)

2 Il 2 2 2 2 2 Il 2 Il 2
360 370 380 390 400 410 420
Wavelength (nm)

Fig. 4.3. The temperature dependence of the GaN band-edge emission. The excitonic emission
red shifts with increasing temperature, while the donor-acceptor pair recombination blue shifts.

In Fig. 4.4 the intensities of excitonic emission (solid triangles) and donor-acceptor pair
(solid circles) are plotted vs 1000/T. They both follow the thermal activation model which
assumes a thermal activated process is responsible for the reduction of emission intensity and it is
described by:

- 0 (4.6)
1+Cexp(—-E

1(T)

/kT)

act
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where |(T) is the integrated intensity at temperature T, 1o and C are constants, kg is the
Boltzmann's constant, and E, is the activation energy. By fitting the experimental data using Eq.
(4.6), the activation energies of the excitonic and donor-acceptor pair emissions are found to be

about 12 meV and 9 meV, respectively.

DAP
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Fig. 4.4. Arrhenius plot of the integrated intensity of the excitonic emission (solid triangles) and
the donor-acceptor pair emission (solid circles) vs 1000/T. The curves are calculated assuming a
thermal activated process for the reduction of intensity with increasing temperature using Eqg.
(4.6).

The temperature dependence of the peak energies for excitonic emission and donor-acceptor
pair are plotted in Fig. 4.5. At temperature above 100 K, the peak position of the excitonic

emission follows the variation of the band gap described by Varshini's equation:
E,=E,—aT?/(T +p) (4.7)
where Ej is the energy gap at 0 K, and « and £ are constants. The solid curve in Fig. 4.5 is

calculated using Eq. (4.7) and parameters Eo = 3.302 eV, o =6.697 x10™eV/K ,

and # =600K .* There is a 13 meV deviation at low temperatures which is consistent with the
activation energy obtained from the temperature dependence of the intensity. This deviation
between 4 K and 100 K, and the excellent agreement with band gap above 100 K indicate that for

low temperatures, the excitonic emission is mainly due to bound excitons (BX). Then they
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thermally dissociate into free excitons (FX) which dominate at higher temperature and vary with
temperature as the band gap. The activation energy is attributed to the ionization energy of the
donor which the excitons are bound to. For the donor-acceptor pair, the peak energy increases
with temperature up to 100 K. However, the peak energy starts to decrease above 100 K with
temperature and follows the trend of the band gap. This can be explained by the transformation
from DAP to the conduction-band-to-acceptor transition. The energy difference between the

band-acceptor transition (~ 80 meV) is the ionization energy of acceptors.

4 Band-to-Acceptor
3.20 | A A

Peak Energy

'Donor-Acceptor Pair

A
345 s 1 a 1 A 1 N 1 A 1 N 1

0 50 100 150 200 250 300
Temperature (K)

Fig. 4.5. The temperature dependence of the cubic GaN band-edge emissions. Full
circles represent the excitonic emission, and triangles represent the DAP and
band-acceptor transition. The curve represents the band gap calculated using Eq. (4.7)
and parameters in Ref. 13.

45 CONCLUSION

The excitonic emission and donor-acceptor recombination with its phonon replica are
identified for cubic GaN. The variations of peak intensity and energy with temperature for these
emissions are examined. By using the thermal activated model, we found that the activation
energies of the excitonic and donor-acceptor pair emissions are about 12 meV and 9 meV,
respectively. For temperature below 100 K, the excitonic emission is mainly due to bound
excitons . They thermally dissociate into free excitons at higher temperature and vary with

temperature as the band gap. The binding energy of the impurities coincides with the thermal
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activation energy, and oxygen may be the origin of the donor states. The donor-acceptor pair was
also dissociated into the conduction-band-to-acceptor transition with an ionization energy of
acceptors around 80 meV. The spatial inhomogeneity of luminescence indicates that defects or
impurities forming the donor-acceptor pairs are not uniformly distributed in this material.
However, the ionization energies for both acceptors and donors are smller than their counterparts

in wurtzite structure, which can contribute to more efficient doping.
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CHAPTER 5
CARRIER LOCALIZATION AND NON-RADIATIVE RECOMBINATION IN INGAN
QUANTUM WELLS EMITTING IN THE BLUE, GREEN, AND YELLOW
SPECTRAL REGIONS

InGaN quantum wells (QW), with luminescence in the blue, green, and yellow regions of the
visible spectrum have been studied by transmission electron microscope (TEM), and conventional
and time-resolved cathodoluminescence (CL). TEM results show that compositional
inhomogeneties in the well get more significant with increasing emission wavelength. Carrier
localization associated with these inhomogeneties in the QWs emitting in the blue and green
spectral regions is evidenced by a blueshift in the emission energy with temperature, and a
constant radiative lifetime under 50 K for the green-emitting QWSs. We also observe the absence
of strong localization effects and a relatively high internal quantum efficiency of ~ 12 % for the
yellow emitting QWSs. On the other hand, the effect of non-radiative recombination on
luminescence efficiency also varies with the emission wavelength. The fast increase of the non-
radiative recombination rate with temperature in the green emitting QWSs contributes to the lower
efficiency compared with the blue emitting QWSs. The possible saturation of non-radiative
recombination above 100 K may explain the unexpected high emission efficiency for the yellow
emitting QWs.*

(*) Part of results in this chapter has been published as “Carrier localization and

nonradiative recombination in yellow emitting InGaN quantum wells”, T. Li, A. M. Fischer,

Q. Y. Wei, F. A. Ponce, T. Detchprohm, C. Wetzel., Appl. Phys. Lett. 96, 031906 (2010).
Selected to Virtual Journal of Ultrafast Science, 9(2).

55



5.1 INTRODUCTION

InGaN based quantum well (QW) structures are now widely used in light emitting diodes
(LEDs) and laser diodes (LDs) emitting in the blue-green wavelength range.! The current
luminous efficiency of the GaN-based LED is ~ 100-200 Im/W, which is one order of magnitude
higher than standard incandescent light bulbs. Further improvement of light emission efficiency
needs careful examination of carrier localization associated with composition inhomogeneities,**
internal electrostatic polarization fields,** and non-radiative recombination centers ®" .

Carrier localization associated with composition fluctuations prevents the diffusion of
carriers to non-radiative recombination centers, and it is believed to be responsible for the high
light emission efficiency in InGaN-based structures in the violet-blue region. Generally, carriers
can be considered localized as long as their spatial extent is much smaller than the typical photon
wavelength. For example, monochromatic cathodoluminescence images of InGaN QWs with
peak emission at 410 nm have revealed spatially distributed localization centers with dimensions
less than 60 nm.® Such localization centers are currently related to indium-rich regions that
behave as quantum dots.

In this study, we report on the effects of carrier localization and of non-radiative
recombination rates on the optical properties of InGaN QWSs emitting in the blue, green, and
yellow regions of the visible spectrum. Carrier localization is evidenced by a blueshift with
temperature in the emission energy, and a relatively constant radiative lifetime for temperatures
under 50 K for green-emitting QWSs. The absence of strong localization effects is also observed in
yellow emitting QWs. The effect of non-radiative recombination on luminescence efficiency also
varies with the emission wavelength. We observe a fast increase of the non-radiative rate with
temperature in the green emitting QWSs, and possible saturation above 100 K in the yellow

emitting QWSs.
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5.2 EXPERIMENT DETAILS

The InGaN/GaN QW structures emitting in the blue, green, and yellow spectral regions were
grown by metalorganic vapor phase epitaxy. The structural and optical properties of yellow-
emitting InGaN QWSs have been recently reported.® Five InGaN QWSs were grown with a
thickness of ~ 3 nm, separated by GaN barriers ~200 nm thick. The QW structure was then
capped with a GaN layer ~ 200 nm thick. The microstructure of the InGaN QWs was studied by
transmission electron microscopy (TEM) operating at 200 kV. The TEM specimens were
prepared by mechanical wedge-polishing techniques, followed by ion milling in a cold stage in
order to minimize indium diffusion. The optical properties were studied by cathodoluminescence
(CL) in a scanning electron microscope. CL spectra were obtained for temperatures ranging from
liquid-helium to room temperature, with an electron acceleration voltage of 5 kV and a beam
current of 400 pA. Time-resolved CL (TRCL) was performed with a 100 ns electron pulse width
at a 1 MHz repetition rate. The pulse rise and fall times were below 100 ps with an overall system
resolution under 400 ps measured with a GaAs photocathode detector.
5.3 MICROSTRUCTURAL PROPERTIES

Figure 5.1 shows cross-section TEM images of InGaN QWs emitting in the green spectral
region. The interfaces between wells and barriers appear sharp, and with no variations in the
thickness. There is a slight contrast variation in the well layers with spherical shape of 3-5 nm in
size, as shown in Fig. 5.1(b) and (c), which indicates small compositional fluctuations. The
microstructure of the yellow emitting InGaN QWs is shown in Fig. 5.2. The contrast in the well
layers is more inhomogeneous than that of the green InGaN QWs, with islands of lateral
dimensions between 15 and 30 nm, as seen in Fig. 5.2(b). We observe a dark line in the middle
of the wells in Fig. 5.2(b) with fading contrast towards the GaN barriers. Small clusters with 2 to
3 nm in size are observed in the high-resolution TEM image of Fig.5.2(c). The clusters that are

well oriented along the projection exhibit a spherical shape. Considering that the TEM image is a

57



2-dimensional projection along the [1120] projection, the spatial distribution of the indium
cluster units along the zone axis may result in this symmetric contrast since the clusters are much
smaller than the specimen thickness (~ 100 nm). Limitations in the TEM sample preparation and
possible instability of very thin InGaN samples prevent us from making a stronger statement
about the nature of these clusters. However, it is clear that the indium composition

inhomogeneities in the well layer become more significant with increasing indium composition.

Fig. 5.1. Transmission electron microscopy images of green-emitting InGaN/GaN QWs. (a)
Bright field image with g= (0002). (b) High resolution image of bottom two QWs and (c) High
resolution image of top QW.

Fig. 5.2. Transmission electron microscopy images of yellow-emitting InGaN/GaN QWs. (a)
Dark field image with g= (0002). (b) High resolution image of all five QWs and (c) High
resolution image of top two QWs.
5.4 OPTICAL PROPERTIES

The variation of the blue emitting QW emission spectra in the temperature range from 5 to

300K is shown in Fig. 5.3(a). The emission peaks in the spectra fit well with a single Gaussian
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function. A main emission centered at 448 nm with a full width at half maximum (FWHM) of 17
nm is observed at room temperature. The peak energies versus temperature are plotted in
Fig.5.3(b). An S-shape temperature dependence of the QW peak emission energy is observed,
and this behavior has already been reported for both InGaN and AlGaN material systems.’®** It is
characterized by an initial red-shift with temperature (T<T,) followed by a blue-shift (T,<T<T,)
and finally another red-shift at higher temperatures (T>T,). The characteristic temperatures T,
and T, vary significantly for QWs emitting in different spectral regions. For the blue emitting
QW structure in Fig. 5.3(b), T, is 100 K and T, is 200 K. Such energy shifts with temperature can
be explained using an exciton relaxation and thermalization models.** While excitons may be
immobile at very low temperatures, they are able to overcome the potential fluctuations and relax
into lower potential minima with increasing temperatures (T < T;). This becomes evident by a
red-shift in the emission peak. Thermalization of excitons out of potential minima may occur at
higher temperatures (T, < T < T,), which results in a blue-shift of the emission peak. At even
higher temperatures (T > T,), a decreasing band gap energy due to lattice expansion results in the
final red-shift of the emission energy. The intermediate blue-shift in the S-shaped behavior is
perceived evidence of the presence of localized states. The temperature range (T; < T < T),)

reflects the degree of potential energy fluctuations.
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Fig. 5.3. Cathodoluminescence of the blue QWSs measured in the temperature range from 5K to
300K. (a) Normalized spectra taken at temperatures specified on the right. (b) Plot of the QW
emission peak energy vs temperature. The peak energy values were obtained by fitting with
Gaussian functions.

Figures 5.4 and 5.5 show the variation of emission spectra in the same temperature range for
the InGaN QWs emitting in the green and yellow spectra regions, respectively. The QWs in Fig.
5.4 emit at 514 nm with a FWHM of 31 nm at room temperature, while the ones in Fig. 5.5 emit
at 578 nm with a FWHM of 51 nm. It is apparent that the FWHM of the QW emission peak
increases with emission wavelength. This can be explained by compositional disorder or poorer
interface quality. For the green emitting QWs in Fig. 5.4(b), a similar S-shaped temperature
dependence of the peak energy is observed. A blue-shift is observed from 50 K to 200 K, this

being a wider temperature range than in the case of blue emitting QWs (that range from 100 K to
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200 K). The behavior is different for the yellow emitting QWs in Fig. 5.5(b), where the peak
energy is seen to decrease monotonically with temperature. No blue shift associated with a
transition from localized states into extended states is observed, indicating an absence of carrier

localization in yellow emitting InGaN QWs.
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Fig. 5.4. Cathodoluminescence of the green QWSs measured in the temperature range from 5K to
300K. (a) Normalized spectra taken at temperatures specified on the right. (b) Plot of the QW
emission peak energy vs temperature.
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300K. (a) Normalized spectra taken at temperatures specified on the right. (b) Plot of the QW
emission peak energy vs temperature.

In order to further understand the carrier dynamics in the InGaN QWs, time-resolved CL
was performed as a function of temperature. Figure 5.6(a) shows luminescence transients for the
peak emission of the blue emitting QWSs taken at temperatures of 5, 100, and 300K. At all these
temperatures, the luminescence initially decays at an almost constant rate, with a lifetime of ~ 15
ns. The CL lifetimes were obtained by fitting the luminescence transients (choosing the time
interval from the maximum intensity to 1/100 of the maximum to avoid background noise) with
an exponential function. This indicates that non-radiative recombination centers are suppressed,
even with increasing temperature. The temperature dependence of the CL lifetime (t), the

radiative lifetime (tz), and the non-radiative lifetime (tyg) is shown in Fig. 5.6(b). Under the

assumption that radiative recombination is dominant at sufficiently low temperature, an upper
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value of the internal quantum efficiency (n) at different temperature can be determined.’*** The
radiative and non-radiative lifetimes were derived on the basis of the following equations:

=3
R T (5.1)

T T T (5.2)
There is slight variation of non-radiative lifetime above 25 K, which may be due to the
suppression of non-radiative centers. On the other hand, the radiative lifetime increases linearly
with temperature up to 150 K. The temperature dependence of the radiative lifetime provides a
direct measure of the excitonic dimensionality. Excitons confined in a zero-dimensional potential
(e. g. a quantum dot) exhibit a constant radiative lifetime with temperature. For excitons in two-
dimensional extended states, the radiative lifetime increases linearly with temperature.’® " The
linear behavior of radiative lifetimes in the blue InGaN QWSs between 25 and 150 K indicates a

two-dimensional exciton recombination nature.
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emission energy at 5K, 100K and 300K. (b) Plot of the CL lifetime, the radiative lifetime, and the
non-radiative lifetime across the temperature range.

Figures 5.7 and 5.8 show the luminescence transients and recombination lifetimes for the
green and yellow emitting QWSs. The green emitting QWSs exhibit a constant CL lifetime of ~ 100
ns up to 100 K, which is much longer than the lifetime of the blue emitting QWSs (~ 15 ns). This
can be understood by the effect of an increase in the piezoelectric field and degradation of the
material quality with indium composition. In addition, a much faster decay in luminescence with
lifetime of ~ 38 ns is observed at room temperature. This can be explained as follows:
luminescence decay is the result of competition between radiative and non-radiative

recombinations. At room temperature, non-radiative recombinations are much faster than

radiative recombinations. This is the reason why we observe much faster luminescence decay at
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room temperature. On the other hand, the yellow emitting QWSs in Fig. 5.8 show the fastest decay
at low temperature, probably dominated by radiative processes. As temperature reaches 100 K,
the decay becomes significantly slower. However, at temperatures above 100 K, the CL decay
remains almost independent of temperature. This may indicate that the non-radiative
recombination saturates at such temperatures. The dependence of the radiative lifetime with
temperature is also different between the green and yellow emitting QWSs. The radiative lifetime
remains almost constant below 50 K for the green emitting QWSs, which indicates localization of
excitons in quantum-dot-like structures. This finding is consistent with the blue-shift we
observed in emission energy, and evidences the existence of localization centers. For the yellow
QWs, the radiative lifetime increases proportionally to temperature up to ~ 100 K. There is no
temperature range where the radiative lifetime remains constant, which is further support of
exciton localization not playing a major role in this material. The absence of localization effects is

in line with earlier reports on high-power green LEDs.*®
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To summarize the temperature dependence of peak energy and lifetime, we propose the
following schematic band model as shown in Fig. 5.9. In the blue emitting QWSs, excitons can be
trapped in the shallow potential minima and they can be excited out of the trap when temperature
is increased, which results in the observed blueshift. However, the potential minima have
relatively larger spatial dimensions than quantum dots, so the radiative lifetime doesn’t follow the
characteristics of the excitons localized in zero-dimensional potential. With increasing indium
composition (i.e. for the green emitting InGaN QWSs), the potential fluctuations due to the
composition variation become more significant, and localization centers with much deeper energy
depth and smaller size appear.

These can explain the blueshift which occurs in a wider

temperature range and the linear temperature dependence of radiative lifetime. In the QWSs with
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higher indium content (i.e. the yellow emitting QWSs), indium clusters acting as localization
centers are no longer far apart. They are close enough so that the localized states in the respective
potential minima can interact with each other and form a mini-band. In this case, excitons occupy
extended states in the mini-band, and they are not spatially localized anymore. As a result, there
is no blueshift related to the transition from localized states to extended states, and the radiative
lifetime exhibits a two-dimensional behavior in extended states. This may explain the higher

internal quantum efficiency observed for the yellow InGaN QWs.

w2 N g T X / Blue emitiing QWs
\ \ /
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Fig. 5.9. Schematic band model for blue, green and yellow QWs, showing different types of
localization.

5.5 SUMMARY

In summary, we have investigated the effects of carrier localization and non-radiative
recombination for InGaN/GaN QWs emitting in the blue, green and yellow spectral regions. The
carrier localization is investigated by the temperature dependence of the emission energy and
radiative lifetime. The extent of localization varies in QWSs with increasing emission wavelength.
The blue emitting QWSs show a blueshift in the emission energy associated with thermalization of
carriers out of potential minima, but no indication of localization centers with dimensions similar
to quantum-dots. The green emitting QWSs are characterized by the S-shape temperature
dependence of emission energy and an almost constant radiative lifetime below 50 K. Both
results indicate carrier localization due to compositional inhomogeneties. For the yellow emitting
QWs, we show that the peak energy exhibits no blue-shift, and the temperature dependent TRCL
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measurement confirms the absence of pronounced effects due to carrier localization. The
formation of miniband due to closely-distributed indium clusters is proposed to explain this
phenomenon. On the other hand, the non-radiative recombination also plays different roles in
these structures. In the blue emitting QWSs, the non-radiative lifetime is almost independent of
temperature above 25 K, indicating that it is severely suppressed. The green emitting QWSs have
a much shorter non-radiative lifetime than the radiative one at room temperature, and it indicates
that the non-radiative recombination is the limiting factor of the internal quantum efficiency. For
the yellow emitting QWSs, the non-radiative recombination is also responsible for the decrease of
efficiency with temperature, but the saturation above 100 K may contribute to the high efficiency

at room temperature.
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CHAPTER 6
THE EFFECT OF INGAN UNDERLAYERS ON THE ELECTRONIC AND OPTICAL
PROPERTIES OF INGAN/GAN QUANTUM WELLS

This chapter presents the effect of InGaN underlayers on the electronic and optical
properties of visible INnGaN/GaN quantum well structures. A significant improvement of the QW
emission efficiency is observed as a result of the insertion of the Ingo3Gage7N underlayers, which
is associated with a blueshift in the emission energy, a reduced recombination lifetime, an
increased spatial homogeneity in the QW luminescence, and a weaker internal field across the
QWs. These are explained by partial strain relaxation evidenced by reciprocal space mapping of
the X-ray diffraction intensity. Electrostatic potential profiles obtained by electron holography
provide evidence for enhanced carrier injection by tunneling from the underlayer into the first

QW.

71



6.1 INTRODUCTION

InGaN quantum wells (QWSs) are widely being used in blue and green light emitting diodes
(LED)and laser diodes (LD), which are characterized by high emission efficiencies and long
device lifetime.! Further improvements in emission efficiency of these devices are currently
limited by various factors, such as compositional fluctuations,* threading dislocations,* and the
internal electrostatic fields.> The latter consist of spontaneous polarization and strain-induced
piezoelectric fields that result in the spatial separation of electrons and holes in the QWs, causing
a red shift in the emission energy and an increase in the recombination lifetime.

In conventional LED or LD structures, the InGaN/GaN QWs are sandwiched between p-
type and n-type GaN layers acting as waveguides which have higher band gap and lower
refraction index. A significant increase in the internal quantum efficiency has been achieved by
the introduction of InGaN underlayers prior to the QW growth, which result in reduction of non-
radiative recombination centers and improved indium compositional uniformity in the QWs.%’
Thick InGaN layers are also employed as waveguides in laser diodes.®® Despite the reported
benefits of using InGaN underlayers, their role in the improvement of light emission efficiency
still remains unclear.

In this chapter, we report on the electrical and optical properties that lead to an
improvement in the emission efficiency of a blue-emitting InyGa;.;yN QW structure grown on an
InGa;«N underlayer. The properties have been measured using cathodoluminescence (CL),
electron holography (EH), and reciprocal space mapping (RSM) of the X-ray diffraction (XRD)
intensity . A strong correlation is found between light emission characteristics, the strain
distribution and the internal electrostatic fields. We show that the In,Ga; N underlayer mitigates
the internal field resulting in a blue shift in emission energy and reduced radiative lifetimes, and
improves the compositional uniformity of In,Ga,.,N in the QWs that contributes to a more

uniform distribution of luminescence. These finding are due to partial strain relaxation
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demonstrated by RSM. Furthermore, electrostatic potential profiles by EH give evidence of
enhanced injection of carriers into the active region.
6.2 EXPERIMENTAL DETAILS

The thin film structures reported here were grown by metalorganic chemical vapor
deposition using standard techniques.® The layer sequence is shown in Table 6.1. A 4-um-thich
GaN layer was grown on a sapphire substrate. This was followed by an AlGaN/GaN superlattice
(130 pairs, each layer 2.4 nm thick), and a 100-nm-thick GaN layer; these layers were doped with
silicon. An 80-nm-thick Ing3Gage7N underlayer was then deposited, followed by four 2.8-nm-
thick In,Ga;yN QWs separated by 8.8-nm-thick Si-doped GaN barriers. An 8.8-nm-thick
unintentionally doped GaN layer was grown for protection on top of the QWs. This thin capping
layer is designed for simultaneous determination of the electronic and optical properties of the
QW structure using electron holography and cathodoluminescence. For comparison, a similar
QW structure was grown directly on GaN without the InGaN underlayer. These two structures
have a target emission wavelength (%) in the 400-420 nm range.

Table 6.1. Thin film structure with an InGaN underlayer used in this study.

Thickness

Layer Material (nm) [In] or [Al]

Capping layer GaN:ud 8.8

Active region InGaN 2.8 0.10
(4 pairs) GaN:Si 8.8

Underlaver InGaN:ud 80 0.03
y GaN:Si 100
Cladding GaN:Si 2.4

(150 pairs) AlGaN:Si 2.4 0.16
GaN:Si 3000
GaN layer GaN:ud 1000

Substrate Sapphire
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6.3 CL EMISSION CHARACTERISTICS

Figure 6.1 shows the CL spectra of QW structures with and without an Ing3Gage7N
underlayer, taken at liquid helium temperatures. Even though the QW structure in both cases was
grown under the same conditions, an emission peak at A~410 nm (3.024 eV) is observed for the
thin film structure with the InGaN underlayer, which represents a 10 nm blue shift with respect to
the case without the InGaN underlayer that emits at L ~ 420 nm. This blue shift can be explained

by a reduction of electric fields in the QWSs by the InGaN underlayer.
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Fig. 6.1. Cathodoluminescence (CL) spectra of the multiple quantum-well (MQW) emission
measured at a temperature of 4.5 K with an electron accelerating voltage of 4 kV for layer
structures with and without an Ing ¢3Gag g;N underlayer. Arrows indicate wavelengths at which
monochromatic images are shown in Fig. 6.2.

Monochromatic CL images taken at the wavelengths indicated by arrows in Fig. 6.1 are
shown in Fig. 6.2. The sample without an InGaN underlayer in Fig. 6.2(a) exhibits a large spatial
variation of the QW luminescence, and a complementary contrast is observed between the images
taken at the peak (421 nm) and the lower-wavelength shoulder (415 nm) of the QW emission.
This complementary contrast indicates inhomogenous distribution of indium composition in the

QW plane. The bright and dark contrasts at A ~ 415 nm in Fig. 6.2(a) can be attributed to indium-

poor and indium-rich regions, respectively. The inhomogeneity in indium incorporation in the
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QWs may happen due to variations in strain during epitaxy, as first observed in SiGe growth.'
On the other hand, for the sample with the InGaN underlayer in Fig. 6.2(b), a higher spatial
homogeneity in the luminescence is observed. This can be explained by increased uniformity

indium incorporation due to lower strain in the QW layers.

(a) (b)

Fig. 6.2. Monochromatic CL images taken at the peak and the lower-wavelength shoulder of the
QW emission for the layer structures (a) without and (b) with Ing ¢3Gag 7N underlayer.

In order to further explore the influence of the InGaN underlayer on the optical properties
of the active region, time-resolved CL was performed on both samples. Figure 6.3 shows
luminescence transients taken at the QW emission peak, using a pulsed electron beam of 100 ns
width at a 100 kHz repetition rate. After the electron beam is switched on at t = 0 ns, the
luminescence intensity builds up, eventually reaching a quasi-steady state. At t= 100 ns, the
electron beam is switched off and decay in luminescence is observed. The recombination lifetime
can be extracted from the transient by fitting the luminescence decay with a single exponential
function. The sample with the InGaN underlayer exhibits a much shorter recombination lifetime

(10 ns) than the sample without the InGaN underlayer (29 ns). This decrease in lifetime can be
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explained by the reduction of the internal field in the QWSs which enhances the overlap of electron

and hole wave functions, thus increasing the radiative recombination rate.
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Fig. 6.3. Time-resolved CL transients for the peak energy of the emission for QWs with an
Ing.03Gap.e7N underlayer (solid circles), and without underlayer (open triangles).

6.4 ENERGY POTENTIAL PROFILE IN THE QW

In order to understand the effect of the InGaN underlayer on the QW emission, we used a
transmission electron microscope (TEM) equipped with a biprism for EH measurements to profile
the electrostatic potential across the QWSs. More experimental details about the technique can be
found elsewhere.™**? The electrostatic potential energy across the QWs is shown in Fig. 6.4 for
layer structures with and without the InGaN underlayer. Due to a limited field of view in EH,
only the bottom three QWs are shown. The energy scale of the electrostatic potential profile was
calibrated by using the QW emission energies from the CL measurements combined with a self-
consistent 1-D Schradinger simulation. As shown in Fig. 6.4 (a), the electric field in each QW is
~ 0.83 MV/cm and does not vary in the growth sequence. The introduction of an InGaN
underlayer results in a non-uniform potential profile along the growth direction, as shown in Fig.
6.4(b). The band offset and the internal field in the second and third QWs have average values of

0.32 eV and 0.66 MV/cm, respectively. This is consistent with the CL observation that the
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emission from the sample with the InGaN underlayer has higher emission energy. The first (left)
QW shows different characteristics than the other two QWs. The difference can be explained
either by a lower indium incorporation in the left QW or, and most likely, due to free-electron
tunneling from the InGaN underlayer. The 80-nm-thick InGaN underlayer with a lower band gap
than the GaN quantum barrier acts as a reservoir for electrons. These electrons can partially fill
the QW reducing the band offset in the first QW. Drift of these electrons and their contribution to
the interface charge density produce an additional field opposite to the piezoelectric field,
resulting in a weaker electric field in the QW. The accumulation of electrons in the first QW may
lead to an enhancement of hole injection into the other QWs which may contribute to their

observed higher luminescence intensity and efficiency.
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Fig. 6.4. Electrostatic potential across the top QWSs determined by electron holography for layer
structures (a) without and (b) with Ing ¢3Gago;N underlayer.

6.5 STRAINDISTRIBUTION
The reduction of the electric fields in the QWs for the case with InGaN underlayer can be

explained by strain relaxation. The strain in these structures are characterized by reciprocal
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spacing mapping (RSM) of the X-ray diffraction (XRD) intensity at the (105) diffraction peak

shown in Fig. 6.5. The Q and Q, axes represent the reciprocals of lattice parameters a and c,
respectively, where Q, :/1/ G3a), Q, =54/(2¢) and 1 is the wavelength of the X-ray. In

the RSM of the structure without InGaN underlayer in Fig. 6.5(a), the peaks of AlGaN
superlattice, GaN, and InGaN QWs align with each other, at Q,=0.2784. This means that these
layers are grown pseudomorphically. For the structure with InGaN underlayer shown in Fig.
6.5(b), the peaks of InGaN underlayer and QW satellite are both shifted to the left, at Q,= 0.2780.
The satellite peak represents the average spacing of the basal planes in the active region, i.e. the
QWs and barriers. This shift is explained by a partial relaxation introduced by InGaN underlayer,
which accounts for ~4/9 of full relaxation. TEM images (not shown here) also give evidence of

misfit dislocation generation at the lower interface of the InGaN underlayer.
@ (®)
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Fig. 6.5. Reciprocal space mapping of the X-ray diffraction intensity around the diffraction spot
(105) for layer structures (a) without and (b) with Ing¢3Gage7N underlayer.

6.6 SUMMARY
In conclusion, a blue shift of emission energy and a reduced recombination lifetime due

to the reduction of internal fields have been observed when using InGaN underlayers, which is in
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part responsible for the improved emission efficiency. Electron holography potential profiles also
show an overall reduction of internal fields which is consistent with the optical results.
Additionally, in the layer structure with the InGaN underlayer the first QW exhibits a different
potential profile than the other QWs, which we interpret to be associated with tunneling of
electrons from the underlayer. These characteristics contribute to the reduction of the internal

field and the increased luminescence intensity.
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CHAPTER 7
SUMMARY AND FUTURE WORK
7.1 SUMMARY

This dissertation presents the optical properties of nitride semiconductors for visible light
emitting applications investigated by cathodoluminescence (CL), which include the simple GaN
epitaxial layer and more complicated heterostructures used in light emitting diodes (LED).
Characteristic emission peaks associated with different recombination mechanism are identified
for wurtzite and cubic GaN, which contribute to knowledge about the band structure near the
band edge. The variation of emission energy and intensity with respect to temperature and strain
are discussed in both theoretical and experimental aspects. For heterostructures with InGaN/GaN
guantum wells, carrier recombination dynamics are studied, and the effect of radiative and non-
radiative recombinations on luminescence efficiency are discussed.

Chapter 1 introduces the physical background on light emission in semiconductors. It starts
with the fundamental device designs for LEDs (p-n junction and double heterostructures), and
followed by requirements for material systems chosen for light emitting applications. The
competences and advantages of nitride semiconductors as successful choices are demonstrated.
In order to better understand the optical properties of nitride semiconductors, the theory of
radiative recombination is introduced in terms of both semiclassical model and quantum
mechanics. The effects of temperature and electric field on emission features are also discussed.

Chapter 2 introduces the experimental technique - cathodoluminescence and time-resolved
technique used in the dissertation. The basic information we can get from the
cathodoluminescence is the luminescence intensity vs the wavelength, i.e., a spectrum. The time-
resolved technique can provide information on recombination lifetimes. The basic principles,
experimental setup and work modes of cathodoluminescence are reviewed in this chapter. And

examples of their applications on nitride semiconductors are presented as well.
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Chapter 3 presents the study on the effect of dislocation density and residual strain on the
light emission characteristics of GaN epilayers grown on sapphire. A linear relationship is
demonstrated between the exciton emission energy and the in-plane compressive strain calculated
with respect to the epilayer which has highest dislocation density. It shows that the exciton
emission energy increases with the magnitude of the in-plane compressive strain.

In chapter 4, the fundamental optical transitions in cubic GaN are reported. EXxcitonic
transition, donor-acceptor pair recombination and its phonon replica are well resolved. The
temperature dependences of emission energies and intensities are also studied. The donor bound
excitons at sufficient low temperatures dissociate into free excitons with increasing temperature.
The donor-acceptor pairs recombination turns into the transition between the conduction band and
the acceptor states. The experimental results show that the ionization energies for both acceptors
and donors are smaller than their counterparts in wurtzite structure, which can contribute to
effective doping.

Chapter 5 presents the structural and optical properties of blue, green, and yellow-emitting
InGaN/GaN quantum wells (QWSs). TEM results show that compositional inhomogeneties in the
well get more significant with increasing emission wavelength. Carrier localization associated
with these inhomogeneties in the QWSs emitting in the blue and green spectral regions is
evidenced by a blueshift in the emission energy with temperature, and a constant radiative
lifetime under 50 K for the green-emitting QWs. We also observe the absence of strong
localization effects and a relatively high internal quantum efficiency of ~ 12 % for the yellow
emitting QWs. On the other hand, the effect of non-radiative recombination on luminescence
efficiency also varies with the emission wavelength. The fast increase of the non-radiative
recombination rate with temperature in the green emitting QWs contributes to the lower

efficiency compared with the blue emitting QWs. The possible saturation of non-radiative
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recombination above 100 K may explain the unexpected high emission efficiency for the yellow
emitting QWSs.

Chapter 6 discusses the effects of InGaN underlayers on the electronic and optical
properties of visible InGaN/GaN quantum well structures. The introduction of the Ingg3Gagge7N
underlayer results in a significant improvement of the QW emission efficiency. And we also
observe a blue shift in the emission energy, a reduced recombination lifetime, an increased spatial
homogeneity in the QW luminescence, and a weaker internal field across the QWSs. These are
explained by partial strain relaxation evidenced by reciprocal space mapping of the X-ray
diffraction intensity. Moreover, electrostatic potential profiles obtained by electron holography
provide evidence for enhanced carrier injection by tunneling from the underlayer into the first
QwW.

7.2 FUTURE WORK

In this dissertation, spectroscopic method has been applied to study the optical properties of
semiconductors and heterostructures, including fundamental band gap, band-edge emission,
radiative and non-radiative recombination lifetime, which are critical for achieving high efficient
light emitting devices. The recombination through defect states (Shockley-Read-Hall
recombination model) and Auger recombination in the spontaneous emission process
significantly limit the luminescence efficiency of LEDs. However, the semiconductor laser is
very promising to reach a higher efficiency than LED since the light is emitted by the stimulated
emission above the threshold condition. This interesting application and important research topic
for nitride semiconductors using stimulated emission for laser diodes (LD) has been demonstrated
earlier. “The Laser Dream Theater”, which offers high-quality images by projecting light from
red, green, and blue lasers onto 50 m wide and 10 m high screen, was demonstrated by Sony at

the 2005 World Exposition in Aichi, Japan.
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In the stimulated emission process, once one carrier is injected into the active region, it
will interact with the external photon and produce an additional photon, which has the same
frequency, direction of propagation, and phase as the stimulating photon. And the emission
efficiency is mainly determined by carrier injection. To achive a high efficiency laser, the main
chanllenge is to reduce the absorption and increase the material gain.

Spectroscopic method is powerful for investigating the laser gain and loss characterisitics.
For example, by pumping the cavities with different stripe lengths, the gain and emission spectra
can be determined for transverse electric and transverse magnetic polarizations." The optical gain
spectrum can also be obtained by measuring the amplified spotaneous emission spectrum near the
lasing threshold.? Another example is to measure the attenuated photoluminesence light confined
in the waveguide in order to determine the loss spectrum.® This approach relies on excition-
position dependent and polarization-resolved photoluminescence spectra to determine the loss
mechanism of the waveguide. This method is in principle transferrable to our CL setup, and the
microstructure features can be correlated to the spatial distribution of optical loss, which will shed
light on the loss mechanism. It should be noticed that this loss measurement is particularly precise
for InGaN material since it has a large Stokes shift *, which prevents the re-absorption noise in
the measurement.

Another intriguing work is to develop CL system with high carrier injection level, which
makes the lasing possible without any further elaborated device processing.” Typically GaN-
based laser requires carrier injection above 10*°/cm? to achieve lasing. Once the electron dose of
CL can reach that level, the transform from the spontaneous emission to the stimulated emission
can be studied. The blue-shift with increasing injection level will be firstly affected by quantum-
confined Stark effect and band filling, then by the gain characteristics. Simultaneously, the CL
image on the laser facet can be used to analyze the near-field and optical confinement of laser

waveguides.
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