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Summary

The aim of this project was to investigate the growth process and to
assess the electrical and luminescent properties of the gallium nitride (GaN)
thin films that we produced.
The growth of the films was performed in different reactive atmospheres
with the aim to link the growth conditions to the properties of the material.

lon probes in the time-of-flight mode were employed to characterize
the ion plume- atmosphere interaction in the chamber. Optical reflectometry
was used to monitor the growth of the GaN films.

The crystalline properties were studied via x-ray diffraction in the
g/2q and w-scan (x-ray rocking curves) mode. The structure of the films was
characterized via atomic force microscopy (AFM) imaging of the top surface
of the films. Scanning electron microscopy of these surfaces was also
performed.

Electrical properties of the films in the temperature range 77® 300 K
were investigated and an estimation of resistivity, carrier density and Hall

mobility of the films was made.



Luminescent properties of the films were investigated in detail on a
wide temperature range (7® 300 K) wusing both continuous wave
photoluminescence (CW-PL) and time resolved photoluminescence (TR-PL).

The radiative and non-radiative contributions to the recombination
process responsible for the light emission from GaN samples were assessed
for a wide range of prepared samples. A simple qualitative model explaining

the luminescence properties of the films is presented.
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Chapter 1

Introduction

In this thesis the results of an investigation of the electrical, structural
and luminescent properties of pulsed laser deposited gallium nitride thin

films are presented.

The pulsed laser deposition of the films [1] is performed in a high
vacuum (HV) system employing a reactive atmosphere in order to encourage
stoichiometric material growth. We investigated the use of both ammonia
(NHs) and of nitrogen (N2) [2,3], as a reactive gas. Reference samples were
grown in ultra high vacuum (10 mbar ) and compared with the HV samples
[4]. The interest in this material is due to the recent demonstration of high
efficiency light emission (and laser emission) in the blue-ultraviolet range
from GaN-based electroluminescent devices (LEDs) and laser diodes (LDs)
[5,6]. These devices were all grown via chemical vapour deposition (CVD)
techniques. In particular, the first demonstration of blue laser emission from
GaN-based structures was achieved with gallium nitride grown by metal
organic chemical vapour deposition (MOCVD), but this growth technique
employs toxic reactive gases and needs high substrate temperatures. We
investigated the possibility of growing good quality luminescent GaN via a
physical vapour deposition technique, namely pulsed laser deposition (or

laser ablation deposition), aiming to avoid the use of toxic components, to



work at lower substrate temperatures and, possibly, to have a higher

deposition rate.

1.1 Gallium nitride and group IlI-nitrides

The scientific interest in the group IlI-nitrides, and in particular in
GaN, is justified both by fundamental and applicative reasons. Fundamental
reasons lie in understanding the peculiar luminescent and electroluminescent
properties of nitrides: very high UV light emission efficiency [6] even at very
high (»10%° cm-2) dislocation density [7], and very high thermal conductivity
[8].

The applicative reasons reside in the interest to extend the semiconductor
device technology into the blue-UV region of the electromagnetic spectrum,
until now not covered by any other semiconductor.[27]

The wurtzite polytypes of GaN, AIN and InN form a continuous alloy
system with the direct band gaps taking the values 1.9 eV for InN, 3.4 eV for
GaN and 6.2 eV for AIN. The refractive index of GaN is 2.33 (at 1 eV).

Thus a nitride-based device can potentially cover the red to UV region of the
electromagnetic spectrum.

GaN can crystallize both in the zincblende (c-GaN) and wurtzite
structure (h-GaN), with the wurtzite structure being the most common. The a
and c lattice constants for the wurtzite structure are respectively 3.189 A and
5.185 A [7]. Both crystalline structures have a band structure showing a direct

optical transition at the G-point (k=0), this characteristic being one of the
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prerequisites to have laser emission from a semiconductor. The direct optical
transition takes place between the bottom of the conduction band and the top

of the valence band. Near the band gap
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Fig.1.1 Calculated band structure of GaN [7]. The box shown in the figure selects the

region of the band structure near the G-point; it is presented in greater detail in Fig. 1.2.

edge there are other levels that can lead to lower probability optical
transitions. These levels could be defect levels or even excitonic levels.

Excitonic recombination is of particular interest for this work since it will be
shown that the pulsed laser deposited GaN has its own luminescence
spectrum dominated by the radiative recombination of these structures. An
exciton is an electron-hole pair, and the binding energy is due to the Coulomb

interaction between them.
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Fig.1.2 Schematic band structure near the G-point for wurtzitic GaN [8].

The energy level structure of such an entity is analogous to the hydrogen

-mqg* 1
2

, where m' is the reduced mass of the exciton, q the
2h%e® n

atom, E =

charge of the electron, e the dielectric constant of the material “hosting” the exciton

and n is an integer quantum number greater than zero. The exciton energy in

-ma* 1
the band gap is given by E = E - %F [9].

The radiative recombination of the exciton consists then in the emission of a
photon of energy equal to the energy difference between the energy level of
the exciton and the top of the valence band.

Usually in high quality GaN the recorded luminescence is due to free excitons
[10], at least at low temperature, i.e. an electron and a hole interacting only

via the Coulomb potential. If the sample contains impurities, these can
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Typical values of Hall mobility for n-type GaN at room temperature are
m, » 600cm’V "'s™* (up to 3000cm?V st at 77 K) [15] while for p-type the
values are slightly lower [11]. The resistivity of GaN is a parameter that
changes with the doping and growth conditions [11].

The other group Ill nitrides are InN and AIN and their alloys with
GaN (InGaN and AlGaN). InN has not received the same attention as GaN
mainly because its band-gap (at 1.89 eV) lies in a region of the
electromagnetic spectrum already covered by other semiconductors and the
intrinsic difficulty in growing this material. Its principal application is, up to
now, restricted to use in alloys with GaN and AIN.

InN crystallizes in the wurtzite structure and its lattice constants are
respectively a=3.53 A and ¢=5.69 A. Its refractive index is 2.9 (at 1 eV) [8].

AIN was studied mainly for its outstanding hardness and high thermal
conductivity. Its lattice constants are a=3.11 A and c¢=4.98 A Its refractive
index is 2.15 (at 1 eV). Its use in relation to the photonic applications of IlI-

nitrides has been limited to its alloys with GaN and InN [8].

1.2 Pulsed laser deposition of GaN

The deposition technique employed in this project was a novel
deposition technique, namely pulsed laser deposition (PLD) [1,16]. We grew
epitaxial thin films of GaN directly on sapphire. In the recent past this
technique has been used to prepare high quality thin films of

multicomponent oxide ceramics [16]. Very recently it was used successfully to
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grow nitrides: TiN [17], BN [18], NbN,[19] AIN, InN [20], AlGaN [21] and

GaN [20,22,23].

krF excimer laser

L

!]‘-.;.

i

Langmuir
/ Substrate g Probe

Target

Vacuum chamber

Fig.1.3 Scheme of the pulsed laser deposition system employed to produce the films. The
laser wavelength of the KrF laser is 248 nm and its repetition rate is 10 Hz. The beam
passes through a first lens at the exit of the laser, which focusses it in a point between L1
and a rectangular pinhole (4” 2 mm?2), the beam is then directed through a second lens L2
on the target in the chamber. The final dimension of the spot on the target is controlled in
order to have the possibility to tune the total incident fluence on the target, by simply

moving the lens L1.
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The main advantages of this technique are:

the non-equilibrium evaporation process produces an intense
plasma and transfers the composition of the sputtered target onto
the deposited film.

the high control on the growth rate by adjusting the laser fluence.
possibility of in-situ processing of multilayer heterostructures by
using a multiple target carousel.

reduced growth-temperature at the substrate due to the intrinsic
high superficial lateral mobility of the ablated high energy plume.
possibility to use non toxic gases as the reactive atmosphere during

the growth.

Earlier work in our group demonstrated successfully the growth of
well-oriented crystalline GaN films on the a-plane of sapphire [22] both in
vacuum and in a reactive atmosphere. It was found that the GaN is deposited
on this plane of sapphire preferentially along the [0001] direction. In this
work the growth of GaN in N and NHs; atmosphere was also earlier
investigated and demonstrated. The present project concerns the production
of samples in these already optimized conditions and the characterization of
the grown films. A particular attention is paid to understand the mechanism
responsible for the UV light emission we observed from the films grown in
the N2 atmosphere [2,3] and for the weak yellow emission of the films grown

in ammonia.
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Overview of chapters

Chapter 2

A description of the growth process of pulsed laser deposited GaN
both in NHs; and in N2 reactive atmospheres is presented. lon probes curves
in the optimized conditions are discussed [25]. In-situ reflectivity curves for
the samples grown in NHs; at low pressure (»2” 103 mbar), are presented and

qualitatively discussed [26].

Chapter 3

The experimental methods used to characterize the films are described.
A particular emphasis is given to the results of atomic force microscopy
(AFM), electrical measurements, x-ray diffraction both in the g/2q and in w-

scan (x-ray rocking curves) modes.

Chapter 4

The luminescence properties of the films are presented and discussed.
A comparison between the continuous wave photoluminescence (CW-PL)
and time resolved photoluminescence (TR-PL) is proposed and a qualitative

model allows us to explain the luminescence of the films.
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Chapter 5

The conclusions resulting from the work in this thesis are

presented, and possible developments for further work is considered.
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Chapter 2

The growth process.

2.1 Introduction

Gallium nitride based semiconductors have applications in the field of

photonics, in fact their band gap is in the UV-blue range which allows it to
extend the spectral range of conventional semiconductor based LEDs and
LDs [1,2,3]. A particular interest is dedicated to the growth process of high
qguality GaN thin films. The growth technique most often employed is
MOCVD [3]. Nichia corporation holds the world record for the longest-lived
GaN LEDs and LDs. These devices were fabricated from materials grown by
MOCVD.[4]
In this chapter we study the deposition and characterization of GaN thin
films in different reactive atmospheres via the novel technique of pulsed laser
deposition (PLD). The main advantages of this technique are in general those
of a physical vapour deposition (PVD) technique, which doesn’t involve the
use of reactive chemicals and the high deposition rates achieved.

The films of GaN were grown in a high vacuum (HV) chamber. The
chamber was equipped with a leak valve to introduce NHz or N to study the
effects of these gases on the deposition process. The gas pressure for films

grown in NHs; was 0.2 mbar and 0.1 mbar for films grown in Nz An
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additional film was grown in UHV conditions. All the films were deposited
on the

a-plane of sapphire. The substrate was heated to a temperature of 600 °C for
the UHV-film and to 700 °C for the other two samples. The temperature of the
substrate was decided looking for a balance between the necessity of having a
sufficient (i.e. allowing a reasonable growth rate) lateral mobility of sputtered
species on the substrate surface [11] (that is achieved at high substrate-
temperatures) and the necessity of working at low temperature that simplifies
a lot the deposition process.

Target pellets were prepared by pressing GaN powders (nominally
99.99% pure) under a pressure of about 77 104 N cm2. The targets were then
sintered at 650 °C for about 12 hours in a N, atmosphere.

The ablation of GaN was performed using the 248 nm line of an
excimer laser, with a pulse width of 23 ns and a repetition rate of 10 Hz. The
final fluence on the target was 3.6 J cm2 for the NHs-film, 2.8 J cm-2for the N-
film and 1.7 J cm2 for the UHV-film. The laser-beam point of incidence on the
target was rotated to avoid the pitting on the surface of the target. The laser
fluence mainly influences the growth rate, but increasing it one also obtains a
sputtering of micrometric sized particulates of material; this latter being
clearly an undesirable effect that has to be minimized. One has then to find a
reasonable balance between velocity of growth and presence of particulates in
the deposited film.

The ion transport to the target was monitored with a Langmuir probe,

and the target substrate separation was 35 mm.
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2.2 Ablation and deposition of GaN

The set of samples studied consisted of pulsed laser deposited GaN
films grown in N2, in NH3; and in UHV (around 108 mbar). The pressures
were respectively 0.1 mbar, 0.2 mbar and UHV.

Before starting the growth, the ion signal of the gallium nitride plume was
monitored with a Langmuir probe (see Fig. 2.1) [9]. This technique employs a
small metallic electrode, usually a wire (simply a peeled BNC cable), inserted
into the plasma. The probe is biased at a certain voltage relative to the
plasma, and the current collected by the probe that gives information about
the plasma. When negatively biased the probe collects the ions in the plasma
and from time-resolved measurements of the collected current (related to the
ionic current at the probe) information can be deduced on the plasma ionic
density and energy. Typical integrated ion charge on the probe is of the order
of tens of nC [22]. It is known [23]Jwhen the probe is biased sufficiently
negative to obtain an ion saturation current the behaviour of the probe could

be approximated as |(TOF)= N(d,TOF)Aev where | is the current

collected by the probe as a function of the time of flight TOF of the ions, N is
the plasma density depending both on the probe-target separation d (very
close to the target-substrate separation that is 35 mm) and the time of flight of
ions TOF, A is the area of the probe, € the electron charge and V the plasma
velocity [24]. In Fig. 2.1 it can be seen the geometry of the experiment: the
pulsed laser beam hits the GaN-target and a plume of ablated material

(composed by Ga and N ions and GaN particulates) is ejected; in the same
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Fig.2.1 Schematic diagram of the Langmuir probe system employed to characterize the

GaN plume. The shielded wire was negatively biased at -30 V.



energies of ions of the order of tens of eV (taking into account the masses of

the ions produced from the ablated GaN target).

In Fig.2.2 we present typical ion probe signals for samples grown in
vacuum and in N2. This situation differs from the above described situation
only for the introduction in the chamber of a reactive gas atmosphere [25-33].

The aim is to improve the growth and the stoichiometry of the deposited GaN

film.
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Fig. 2.2 lon signal, from the Langmuir probe in the chamber, measured for the GaN plume

in vacuum (dotted line) and in a 0.12 mbar N, atmosphere (full line)

It can be observed that the introduction of the gas in the chamber

changes drastically the time of arrival of the ablated species. This is attributed
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[5] to the effect of a “shock wave” generated by the ion plume in the
atmosphere in the chamber. The energies of ions in the plume in vacuum
extracted from the data of Fig.2.2 were respectively 69 eV for gallium and 14
eV for nitrogen ions.

It was found that the best films were obtained when the gas pressure was
chosen to give a doubly-peaked ion signal. This kind of signal arises when
the ion mean free path is approximately equal to the target-substrate
separation [5]. The first peak is due to ions transmitted through the gas, and
the second is due to a blast wave launched by ions colliding with the gas
[6,7,10].

The film growth was monitored via optical reflectometry. A laser
diode (I =670 nm) was directed to form an angle g=29 deg. with the film, and
the reflected beam from the sample film was detected with a photodiode. As
the film grows, the reflectivity exhibits a sinusoidal curve, due to the
interference effects related to the thickness of the film. In the ideal situation of
no absorption and perfect superficial flatness the curve would be a perfect
sinusoidal; the effect of the absorption of the film is to damp the curve around
a constant average value, while the effect of the superficial roughness is to
decrease this average value monotonically with the time. The theory of
optical reflectivity from thin films has been described in details elsewhere
[10] and will not be repeated here.

Reflectivity versus deposition time as measured for samples grown in
NH;s are shown in Fig. 2.3 Both increasing the temperature of growth and the

pressure of the reactive atmosphere increases the growth rate. The values
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obtained for growth rate for the films we are presenting in the thesis are
summarized in Table 2.1: a comparison with typical values for other growth
techniques is proposed. Reading the growth rate column it can be seen that
PLD is a competing technique with MBE and MOCVD (to be noted that the
growth rate in the CVD techniques can be significantly increased, as the work
of Maruska et al. [14] testifies), having in addition the advantage of working

at relatively low substrate-temperature.
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GROWTH GROWTH TEMPERATURE | GROWTH RATE | TYPICAL REFERENCES
TECHNIQUE ATMOSPHERE SUBSTRATE [nm/min] THICKNESS
[°Cl [nm]

PLD NHs (»10-1 mbar) | 600 »15 »300 [12]
PLD NHs (»10-* mbar) | 700 »30 »300 [12]
PLD NHs (»10-3 mbar) [ 700 »5 »300 [13]
PLD UHV 700 »0.11 »50 [71
PLD N2 700 »0.22 »50 [71
CVvD NHs 925 »500 »5103® 20” 103 [14]
MBE N2/NH3 750/900 »1/5 »57 103 [15]
PEMPE ATOMIC N 650® 825 »10 »500 [21]
HVPE NHs; DILUTED | 1050® 1070 »100® 500 »10"103® 30" 103 | [17]

IN N2
MOCVD CRACKED 1000® 1080 »10® 100 »1" 108 [16]

NITROGEN

SOURCES
MOCVD MAIN  FLOW | 1000® 1030 »50 »5" 103 [18,19,20]

TRIMETHYLGA

LLIUM (TMG)+

NHs+H2 WITH

A SUBFLOW OF

N2+ Ha

Table 2.1 Growth rate and growth conditions for the films grown by PLD, compared with
results obtained by other techniques. PLD is pulsed laser deposition, CVD is chemical
vapour deposition, MBE is molecular beam epitaxy, PEMBE is plasma-enhanced
molecular beam epitaxy, HVPE is hydride vapour phase epitaxy and MOCVD is

metalorganic chemical vapour deposition. All the films are grown on sapphire.

By solving the Fresnel equations, and taking into account also the surface

roughness, related to reflection from the growing thin film of GaN, and
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1" 10¢ mbar. This value is two orders of magnitude less than those previously
used [1,6].

The reflectivity trace for a film grown under these conditions is shown
in Fig. 2.5. The damping of the reflectivity versus thickness shows that the
film is absorbing at 670 nm. The drop of the trace is caused by sample
roughness.

The fit based on the solution of the Fresnel equations of the reflection
of light (670 nm) at the surface of the growing film, gives a complex refractive
index n=222+ix0.44 and an average superficial roughness of about 44 nm.
The real part of the refractive index is quite low (the expected value is 2.36),
but the obtained fit is not in excellent agreement with the experimental data.
This fact could be due to the rough estimation we gave of the thickness of this
sample, which was estimated from the simulated curve with ideal values for
the refractive index and for the absorption coefficient at 670 nm. It that should
be more precisely measured, as was done for all the other samples presented
in the thesis, via absorption measurements or via ellipsometry. Anyway the
information we extracted from the data presented in Fig. 2.5 is the quality
(transparency and superficial quality) of the films has to be improved, and
this could be achieved optimizing the growth conditions in the low ammonia

pressure regime (»10-3 mbar).
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2.3 Results and conclusions

Pulsed laser deposition of GaN thin films, in UHV, ammonia and nitrogen
atmospheres, was successfully demonstrated. A representative set of
parameters for growing in NHsz;, N and UHV in optimized and um-
optimized is presented in Table 2.2. This samples were produced and
optimized both during this work and in previous work by Dr. Duncan Cole
[6].

lon probe signals for optimized growth conditions were also presented
and it is found that the growth of good quality films is achieved when the
ablated ions are partially backscattered by the reactive atmosphere with the
ion signal showing the typical shape explained in the framework of the
“shock wave” model.

Successful growth of GaN at 2" 103 mbar of ammonia was

demonstrated. The quality of these films has to be optimized.
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Chapter 3

Structural and electrical properties of the films

3.1 Characterisation of the films

Atomic force micrographs of the top surface of the samples were taken.
The surface roughness was then estimated. The AFM micrographs were then
compared with SEM images of the GaN films.

g/2q scans will not be presented for all the GaN samples since the the
XRD spectra of all the samples are very close to the data presented in Fig. 3.4,
which is then representative of the overall XRD behaviour of the produced
PLD-GaN. The films were characterised after their growth via x-ray
diffraction in the normal g/2g mode in order to establish the crystalline
structure of the films. In all the films studied in this thesis the structure
obtained was the hexagonal one (wurtzite).

g/2q x-ray diffraction, indicating that the growth occurred along the
(0001) direction, showed the (0002) reflection. We measured the x-ray rocking
curve (w-scan) of this reflection in order to better establish the crystalline
guality of the films, investigating the extent of misorientation of the crystal
planes around the Bragg position g, of the (0002) reflection.

The electrical properties of the films were also measured in the four-
contact VVan der Pauw configuration, and the values for resistivity (r), Hall

mobility (m4) and doping level (n/p) established.
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3.2 Atomic force microscopy and SEM

The surface morphology of the films was studied by AFM, using a

commercial microscope [1].

£ 546,52 nm

(@) NHs

Z 1347 nm

(b) UHV

Fig 3.1 (a),(b) Atomic force micrographs for GaN films grown in ammonia (a), UHV (b).




(c) N2

£: 46.48 nm
¥

Fig 3.1 (c) Atomic force micrographies for GaN films grown in Na.

The surface morphology obtained from atomic force microscopy of
three films grown respectively in N2, NHz; and UHV are presented in Fig. 3.1
(@), (b), (c).

The figure shows the beneficial effect on the surface quality (a critical
parameter for the performance of GaN based LEDSs) of the insertion of an N
reactive atmosphere into the chamber during the deposition [2]. It has to be
noted that the thicknesses of the three films are different: 260 nm for NHs, 70
nm for UHV samples and 43 nm for the N, sample. The thicknesses were
measured via variable-wavelength optical ellipsometry [3].

Scanning electron microscopy (SEM) was also used to characterize the
films, and the micrographs for the films grown in ammonia and in nitrogen
are presented in Fig. 3.2. This data also confirm the positive effect on the

surface quality when nitrogen is used instead of ammonia.



28 .88 kU
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Fig. 3.2 SEM photographs for the films grown in ammonia (a) and in nitrogen (b).




AFM on the samples grown in ammonia at low pressure shows that the
surface roughness is of the order of hundreds of nanometers (and so much
worse than that of films grown in 0.2 mbar of ammonia, which was of the
order of few tens of nanometers). Another indication that these samples,

although very promising, have to be optimized.
3.3 X-ray diffraction

A pictorial view of the crystal structure of the wurtzitic GaN is
presented in Fig. 3.3. As mentioned in the introductory paragraph of this

chapter, not all the g/2q x-ray diffraction data will be presented. Fig. 3.4

shows a typical XRD curve for the wurtzite GaN films.

M "‘T'

Fig. 3.3 The wurtzite GaN structure: atoms of one species are dark grey, those of the other

species are white, the unit cell is shaded.
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Fig. 3.4 Typical XRD in the g/2q configuration for a wurtzite PLD GaN sample. The
reflection at 2g=34.5 ° is due to the (0002) planes of wurtzite GaN. Vertical arrows
indicates the x-ray diffraction from (0002) planes of GaN. The two most intense peaks are
the reflection from the sapphire substrate. The weak peaks close to the sapphire

diffraction are due to W (tungsten) contamination at the cathode.

Attention will be concentrated on the x-ray rocking curves (w scans) of
the (0002) reflection for the samples grown in different atmospheres.

Fig. 3.5 shows a comparison between the w scans of the three samples.
The double texture which is clearly seen in the UHV sample is much reduced
in the NH3; sample and is smallest in the N, sample.The origin of this feature
is not clear. It was previously observed in pulsed laser deposited 11-VI

materials [4] and attributed to the presence of a
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3.4 Electrical characterisation

We investigated the electrical properties of the films using the Van der
Pauw method. The resistivity (r), doping level (n/p) and Hall mobility (m.)
were studied in the temperature range from 77 to 300 K (0.013 to 0.0033 K1).
In the Van der Pauw configuration the sample consists of a square with a
contact in each of the corners. Actually any shape is permissible, although
this will lead to complications in the data analysis. Suppose the contacts are
numbered 1,2,3,4 consecutively around the periphery of the square sample,
and Vi means the voltage read between i and j, when the current flows

between k and I. In this case the electrical parameters may be expressed by

5
:p_ti%+\ﬁ+\ﬁ+\ﬂ+W>cm (a)
In24el,, 1, 1, Il,0
_ 10° In2 2(V1324 +V2413) cm?
B P Vi +Voay + Vo Vs VS
Bla, 1,0

+2em? c
t2eV, V, 0 ©

(b)

n/p=625" 10

Where t is the thickness of the film, B is the magnetic field, and the units are
in C.G.S.

Fig. 3.6(a) shows the doping of the different films. The first remarkable
feature is that the films grown in different atmospheres have different
background doping level, n-type in the case of ammonia-grown, and p-type
in the other two. The p-type doping of the film grown in N is similar to the

results of Feiler et al. [2]
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higher Hall mobility. This is an indication of the high density of defects in
our samples. The 77 K (@.013 K1) Hall mobility of the ammonia film has a
very high value of around 3000 cm? V-1 s, but this film shows the poorest
luminescent properties [6].

The resistivity (Fig. 3.4(c) ) is low for both the films grown in ammonia
and UHYV and reaches a value of around 800 Wcm in the N2 sample. It is very
important to note that the contacts used weren’t optimized, but were made by
simply connecting a metallic wire to the GaN film via a thin silver paint
droplet. An optimization of the contact resistance, that is known to be critical
for a more quantitative and precise measurement of electrical properties of
epitaxial films, is planned for the near future, employing Indium contacts at
the GaN/contact interface, in order also to increase the level of

reproducibility of the results.

3.4 Comparison with other techniques and conclusions

The literature on the structural and electrical properties of GaN is very
extensive. An efficient way to compare the result obtained in this work with
the results obtained on GaN grown by other techniques is to summarize the
results in a table and then to draw a comparison of the data. This information
is presented in Table 3.1.

Superficial roughness has a value that is higher than what is typically
obtained by other groups with PLD [2], [7-9] and this fact indicates that this a

direction in which improvements can be achieved; looking at the value for
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superficial roughness obtained by Nakamura [13], [22,23], which is two times
the value obtained in this work, one can be optimistic about the weak
influence of this parameter on the performance of a possible device based on
PLD-GaN.

The full width at half maximum (FWHM) of the x-ray rocking (that is a
reasonable figure of merit for the crystalline quality of the material) that we
obtained in the N, growth is worse than what was obtained with the other
growth techniques, and in particular from the values obtained by Nakamura
[13]. The values we presented for the sample presented in the table and
produced in this work are not deconvoluted from the instrumental response
of the diffractometer. The deconvoluted values should then be much
narrower. | think that this is one of the direction for future investigation on
PLD- grown GaN in Trinity.

The values for the resistivity are comparable to the available data of
the literature for the other growth techniques. A value that is quite low
(relatively to literature) is that one of the UHV sample and further study
should be devoted to clarifying this behaviour.

The values of Hall mobility fit very well with all the reported literature
data, while material grown in NHs shows a very high mobility comparable to
MBE grown GaN [30]. This high value is very interesting because an
electroluminescent device would work at lower voltage. Also this point needs
to be well assessed, trying to repeat the measurement on statistics of samples
grown in the same atmosphere (NHs) and with optimized contact/GaN film

interface.
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Another interesting point is that regarding the doping level. First of all
it has to be noted that the proposed doping level refers to an unintentional
doping, and for this reason an uncontrolled parameter, that needs then to
related to the growth conditions to be understood and controlled. We found
that the growth in ammonia leads to a n-type background doping level that is
comparable to what is reported in literature by llegems and Montgomery [25]
while the p-type doping found for the N> and UHV growth is much more
unusual. It seems that this may be a feature of the PLD technique, infact it is
in agreement, also for the values, with the report of Feiler et. al. [2].

In summary, pulsed laser deposition revealed itself as a technique
producing an average quality material (from the structural and electrical
point of view) in respect to the other growth techniques reported in the
literature[2], [7-23] used to produce GaN.

In addition it has interesting peculiarities, like the p-type doping at very high
dopant concentrations (> 10 cm-3), which could be linked with the nitrogen
stoichiometry of the films, and which could have application in the
development of PLD-GaN based p/n junctions, or the very high Hall

mobility of films grown in NHs under optimized conditions.
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Chapter 4

Luminescence of the films

4.1 Introduction

The luminescent properties of GaN thin films grown by pulsed laser
deposition have been studied to understand the nature of the luminescent
centres and the recombination dynamics. The films were grown on heated
sapphire substrates using KrF excimer laser ablation of GaN in a reactive
atmosphere of nitrogen. At low temperatures the continuous wave (CW) blue
luminescence of the samples shows two sharp lines attributed to excitonic
recombination at extended defects. The luminescence peaks are centred at
3.360 eV and 3.305 eV at low temperature. An analysis of the temperature
dependence of photoluminescence lifetimes assesses the relative contributions
of radiative and non-radiative recombination in the centres responsible for
these emissions. The measurement of room temperature nanosecond radiative
lifetimes for these lines supports the excitonic nature of the luminescence.

There is a long interest in GaN as a material for the fabrication of blue
and UV light emitters [1-9]. This interest was renewed after the recent
demonstration of laser emission at room temperature from GaN [10].
However the physical mechanisms leading to efficient light emission from
this material are not well understood. The energy gap (at 1.6 K) is 3.503 eV

for bulk material and the principal emission peak in the luminescence
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spectrum at 1.6 K is observed at 3.477 eV [11]. There are also reports of strong
luminescence lines well below the band gap, for thin films grown on different
substrates [1,3,7,22-23]. At 6 K these lines are at 3.365 eV (Is) and 3.309 eV (l.).
Previous studies attributed Is to a LO (longitudinal optical) phonon replica of
shallow bound excitons [4] or to the neutral donor of the nitrogen vacancy [7].

I, was previously attributed to a donor-acceptor pair transition [7]. In
the work of Wetzel et al. [1] the excitonic nature of these recombinations was
proposed mainly on the basis of the relatively low activation energy (I3, 27
meV and l;, 14 meV) of these lines in contrast to the much higher values
expected for donor-acceptor transitions [24,25]. The behaviour of these
transitions under hydrostatic pressure also suggested that they were due to
recombination of excitons localized at extended defects [1].

In this chapter we present continuous wave (CW) and time resolved
(TR) photoluminescence (PL) [26] studies of GaN grown on sapphire by PLD.
The emission of PLD GaN is dominated by Is and 1, emissions. Our interest
was focussed on the physical origin and luminescence dynamics of these lines

[12].

4.2 Experimental results

The samples we studied were grown in ammonia and in nitrogen, and
the attention was focussed on the samples grown in nitrogen, which showed

a strong blue-UV emission. The most representative one was a 43 nm thick

GaN layer grown on (1120) sapphire substrate by laser ablation of a sintered
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GaN target in a N, atmosphere. The structural characterization has been
presented in Chapter 3 and elsewhere [8], [9]. For continuous wave
photoluminescence (CW-PL) measurements, we used the 325 nm line of an
He-Cd laser with a power of 0.1 W cm-2. The luminescence was recorded with
0.1 nm spectral resolution. These measurements were done at the Department
of Physics and Applied Physics of the University of Strathclyde, by the group
of Dr. K. P. O’Donnell.

The time resolved photoluminescence (TR-PL) measurements were
done using a frequency doubled mode-locked Ti:sapphire laser operating at
356 nm, with a repetition rate tunable from 82 MHz to single shot and with a
pulse duration of 1.5 ps [27]. A schematic diagram of the apparatus [28] and
the experiment is given in Fig.4.1. The time-averaged excitation power was 90
MV at 82 MHz, which results in a peak power of »10 W cm2 The
luminescence was dispersed by a 025 m grating monochromator
(CHROMEX) and detected by a streak-camera operating in photon counting
mode [29]. The temporal resolution was less than 15 ps. The time resolved
measurements were done in the Physics Department of the University of
Trento in collaboration with Claudio Vinegoni in the Optical Spectroscopy
Group of Dipartimento di Fisica. The CW-PL and TR-PL measurements were
performed at room temperature (RT) and at lower temperatures in the range
(12-300 K), using helium cryostats. For the absorption measurements at room
temperature in the visible range a double-beam spectrophotometer with a

tungsten lamp was employed.
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Fig. 4.2 Absorption spectrum at 300 K for a sample grown by PLD in 0.13 mbar of N at a

deposition temperature of 720 °C using a laser fluence of 2.8 J cm-2.

We found that the film is transparent in the visible spectrum, and the
energy gap is at 3.4 eV. This value is very close to the values of CVD,
MOCVD and MBE-grown GaN [10,19,20], . The samples grown in ammonia
and in UHV were also measured, and the absorption spectra show lower
values of energy gap (see Table 2.2) and also a decrease of the absorption
coefficient a at a fixed energy, with an accentuation of this effect in the UHV
sample. It has to be noted that these two samples, which show lower
absorption at fixed energy, show also the poorer photoluminescence (PL)
properties, suggesting then that in order to have efficient PL emission, they
the absorption properties of the samples have to be improved. Further details

are described in detail elsewhere [13].
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Fig. 4.5 shows the temperature variation of the relative quantum

1(T)

efficiencies (h defined as the ratio m) of I3 and I4 relative to the total

low temperature emission intensity integrated in the region 3.1 eV to 3.45 eV.
This quantity is clearly an upper bound to the quantum efficiency of the
sample, since:
even at low temperature there may be some non-radiative recombination
competing with the radiative

there may be other emissions outside the integration region
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Fig. 4.5 Temperature dependence of the relative quantum efficiency of I3 (open squares)

and l4 (full squares). The dotted lines are guides for the eye.
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It is clear that in the range 200 K to 25 K, the quantum efficiency for I3 is lower
than for l4. This data will be used in the next section in the extraction of
radiative and non-radiative contribution to the measured luminescence
lifetime. The temperature dependence of both curves shows the typical
decrease of the integrated intensity with increasing temperature. This fact is
due to the thermal dissociation of the excitons responsible for these emissions.
With increasing temperature, the excitons start to dissociate into free carriers
[14] and the exciton emission intensity decreases consequently.

The temperature dependence of the integrated emission intensity of

the 1z and 14 lines is shown in Fig. 4.6.

A high energy line (l,)
© low energy line (1)

0.1+
——
@ —*
=
-]
o
8
2
(7)]
c 0.01-
Q ]
<
.|
al
1 1 1 1 1 1 1 1 1

1000/T (K™

66



Fig. 4.6 Arrhenius plot of the integrated intensity of the I; and 14 peaks. The lines are least

square fits, with a thermal activated quenching mechanism (see text).

For temperatures > 65 K there is a strong decrease of the intensity of I3
peak, while for the 14 peak the decrease in intensity starts at about 125 K.
In order to obtain an estimate of the thermal activation energy of I; and
I, peaks, we fitted the temperature dependence of the photoluminescence
intensity to the simple model of Ashkinadze et al. [15]:
I

I (T) = — (1)
1+C(T) % T

where |,(T) is the PL intensity as a function of temperature, |, the PL
intensity at T=0 K and E is the activation energy, C(T) for high enough
temperature [16] is given by:

(1)

) = ™

(2)

An estimate of the temperature-dependent C parameter for each excitonic
peak was extracted from the data and used in (1). A fit of the experimental
data for both the I3 and 14 peaks is shown in Fig. 4.6. A good fit is obtained
(c2<0.1) which yelds activation energies of 27 meV for the 1, peak and 14 meV
for the I; peak. These small activation energies and the small energy shifts of
I and 14 with temperature (Fig. 4.7) support the attribution of these lines to
excitonic recombination on extended defects, in agreement with Wetzel et al.

[1]. In fact as the temperature rises from 7 to 225 K the red shift of I and 14 is

67



27 meV and 17 meV respectively, while the energy gap shifts by 72 meV [11]

(see Fig. 4.7).
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Fig. 4.7 Temperature dependence of the peak position. Open squares are data from the
literature [11] for the energy gap (Eg) position. Open circles give the spectral position of Is.

Full triangles represent l,.

The behaviour of the PL emission linewidth versus temperature
(Fig. 4.8) [19], shows that the lines are quite broad even at low temperature,

and the linewidths depend only weakly on temperature. An analysis
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analogous to that one reported in ref. [17] was attempted, that takes into
account the exciton-LO phonon scattering via Frélich interaction, but we
found that the energy of the phonon that should be involved in the well

known formula [18]

G = o (3)

is lower than the 92 meV value of the LO-phonon of GaN. This picture then is
not sufficient to explain the linewidth broadening mechanism of PLD GaN.
The breadth of the x-ray rocking curves (see Fig. 3.5), and the AFMs
micrographs (see Figg, 3.1(c)) indicate a relatively high level of disorder in
the material that could result in strong of inhomogeneous broadening of the
photoluminescence lines. An additional theoretical effort should be spent in
order take account of this effect and give a better description of the data

presented in Fig. 4.8.
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4.2.2 Time resolved photoluminescence

TR-PL was studied both on the N> and NHs grown samples and the

temperature dependent lifetimes (t,, ) of Is and 4 are shown in Fig. 4.9. The

lum

lifetime increases with temperature, as was observed before for the decay

time of the free exciton in GaN [14].
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Fig. 4.9 Top inset shows the measured lifetime (t,, ) for ls. Bottom inset shows the

lum

measured lifetime for 4. Full lines are guides for the eye.

From the combination of the relative quantum efficiency (Fig. 4.5) with
the luminescence lifetimes (Fig. 4.9) it is possible to make an estimate of the

radiative (t ) and non radiative (t ., ,,4) lifetimes of the sample.
The radiative (t,,) and non radiative (t,,, ,,4) lifetimes are related to the

luminescence lifetime and quantum efficiency (h(T)) by the equations:
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t rad (T) = I:I(li;-n)

t um
t non- rad (T) = m

(4.5)

The extracted radiative and non-radiative lifetimes for Iz and |4 are
shown in Fig. 4.10 in the temperature range 7-200 K. Both lifetimes increase
with temperature; for the I, emission the qualitative behavior of luminescence
lifetime, radiative and non-radiative lifetimes is similar to that of the I3
emission, suggesting that the two lines have a similar physical origin. Both

t.., and t , are rather different for I3 and ls, though values of t are

non- rad

quite similar.
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Fig. 4.10 Temperature dependence of radiative (1, ) and non radiative (t . _,,4) lifetimes

of PLD GaN. The full line is a guide for the eye. Lower inset is a typical luminescence

decay where the full line is an exponential fit.
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The increase of luminescence lifetime with increasing temperature can
be related to the thermal delocalization of excitons from extended defects.
With increasing temperature, excitons that at low temperature are strongly
localized at dislocations, start to delocalize and the radiative lifetime value
increases to a value of few nanoseconds. Further evidence of
localisation/delocalisation of excitons in PLD-GaN might be obtained by
studying the absorption spectrum of thicker films. The radiative and non-
radiative lifetimes plotted in Fig. 4.10, show that at high temperature the
principal recombination channel is non-radiative, and that the radiative
lifetime increases monotonically with increasing temperature. Equations (4,5)
were only applied in the temperature range 7-200 K, because at higher
temperature the lines evolve into a single broad band, and the individual
contribution of the Is and l4 linesto the t_,(T) and t ., ,.,(T) cannot be easily
resolved. The radiative and non-radiative lifetimes were measured at a fixed
average incident intensity of »1 W cm-2; by increasing the incident intensity it
should be possible to saturate the non-radiative trapping centers and to give a
more precise estimation of the radiative and non-radiative recombination
rates.

TR-PL was measured also on samples grown in higher pressure
ammonia. The results were less interesting, and will be presented only for
completeness.

The ammonia samples show only a weak broad yellow band in luminescence

at room temperature with a lifetime of a few ns(see top inset of Fig. 4.11).
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Fig. 4.11 Time-resolved photoluminescence at 300 K for films grown in N (bottom layer),

and in NH; (top layer).

The temperature dynamics of the luminescence lifetime (t ) was also

lum

analyzed. The results are shown in Fig. 4.12. What can be said is that the
situation is completely different from the samples grown in nitrogen and that
the lifetime is almost constant over the wide temperature range investigated.
This can be related to the fact that the recombination responsible for the weak
yellow emission, that characterize the ammonia samples, is related to the
presence of deep traps which, having a lower recombination probability,
show a long recombination lifetime. The weak dependence on temperature

reflects the fact that this emission is dominated by non-radiative processes.
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Chapter 5

Conclusions and suggestions for further work

In this work the production of pulsed laser deposited GaN both in N>
and ammonia was achieved. The films were characterized structurally via
atomic force microscopy, scanning electron microscopy and x-ray diffraction.

The electrical properties of the films were assessed by measuring the
resistivity, the Hall mobility and the level of doping on a wide temperature
range. It was found that the conduction is dominated by “defects”, in fact the
measured quantities were almost independent of the temperature.

The main effort was dedicated to studying the luminescence properties
of the films. We measured both the continuous wave photoluminescence as
well as the time resolved photoluminescence of the films. The results of these
data allowed us to attribute the emission from the nitrogen grown samples to
excitonic recombination. The data for the sample grown in ammonia are less
clear, but what is sure is that the emission centered in the yellow, without any
emission in the blue-UV range indicates that these samples are not interesting
in terms of technological applications. The microsecond lifetimes, constant on
a wide temperature range, show that the luminescence is heavily affected by
non-radiative recombinations.

One poor aspect of the nitrogen grown films is the thickness. The
growth in nitrogen is very slow (because the reactivity of N2 with the ablation

plume is very low) and this is one of the problems that has to be solved in
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order to have a growth technique competitive with more standard ones, as for
example the MOCVD [1]. A way to solve this problem could be to make use
of a “glow discharge” system in the chamber, which should help to “crack”
the N2 molecules making the atmosphere in the chamber more reactive [2].

Another totally different way to solve the problem, would be to
optimize the growth in ammonia. In particular the decrease (of two order of
magnitudes) of the pressure of ammonia in the chamber seems to be
promising for the growth of high quality films.

After having found a more efficient way to produce PLD GaN films
the most interesting issue would be to control the doping of the films,
perhaps exploiting the atmosphere dependent (see Chapter 3) doping.

When all these problems would be solved, all the “ingredients” to

produce a p/n junction [3-5] will be available.
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