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Summary

This thesis describes a study o f  the deposition requirem ents for growth o f  stoichiom etric 

GaN thin films using pulsed laser deposition. Grow th has been carried out using either 

ceram ic GaN or m etal (solid and liquid) Ga targets in m olecular nitrogen and nitrogen 

p lasm a discharge background gases. The potential advantages o f using a liquid target for 

film  growth were considered, as w ere the problem s associated with incongruent m aterial 

transfer from target to film in ns ablation o f  GaN. The effect o f  laser fiuence and 

background gas pressure on the stoichiom etry o f  the films was m onitored using an optical 

refiectom etry technique and a m odel to extract the free gallium fraction in the films. The 

expansion dynam ics o f  the laser-produced plasma w ere studied using Langm uir ion 

probes, in the tim e-of-flight m ode, which allowed the ion energy distribution in an 

inertial (high vacuum ) expansion to be measured. This technique was also used to map 

the ion energy reduction with increasing distance from the target in a relatively high (~

0.1 m bar) N 2 background gas pressure.

The suitability o f  three types o f  nitrogen plasm a discharge for GaN thin film growth was 

also investigated. It was found that stoichiometric GaN film growth with the Ga target 

was possible at lower pressures than those used with m olecular nitrogen when a pulsed 

discharge, synchronised with the arrival o f  the plum e to the substrate, was used.

Finally, the possibility o f  using pulsed laser deposition for the growth o f  a novel diluted 

m agnetic sem iconductor, G aM nN , was investigated. This study identified the substrate 

tem perature requirem ents for single phase growth and the solubility limits for Mn 

incorporation into the GaN lattice. The origin o f room -tem perature m agnetism  observed 

in som e o f  these films and the correspondingly low m om ent per Mn atom  is considered.
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Glossary

Quantity Symbol Conventional
units

Temperature T °C

Energy E Joule

Area A cm /mm

Fluence F I --J cm

Background gas pressure P mbar

Gas density cm'^

Particle number N -

Time of flight hoF (iS

Velocity V m s’’

Incident angle 6i degree

Wavelength X nm

Complex refractive index h - n - i k -

Extinction coefficient k -

Optical absorption depth d  = V°p‘ / \ n k
nm

s-polarised reflectivity R s -

Electron charge e C

Ion / deposition flux j io n  ! jdep cm'^ s"'

Time-integrated flux J cm'^

Film growth rate ^Film nm/shot
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1. Material properties

The following sections outline some o f the properties o f  Ga and GaN which are 

relevant to target preparation and film  growth. Some properties o f  nitrogen are 

also discussed, particularly its stability in the ground molecular state. For 

convenience, the properties o f  Ga and GaN are gathered under two headings; 

physical properties and optical properties, though the former heading is somewhat 

ambiguous since a range or properties will be referred to such as chemical and 

electrical quantities. Some o f  the quantities which will be referred to frequently 

through the thesis are listed in table 1.1.

1.1 Properties o f  G a, G aN and N 2

1.1.1 Physical properties o f Gallium

G allium  is a hugely important source material for the sem iconductor industry, with GaAs 

and, more recently, GaN-based devices accounting for 98%  o f  all gallium  requirem ents in 

the last year'. It is one o f only four elements which is liquid near room tem perature, and 

has one o f  the longest liquid ranges am ongst the elem ents (see table 1.1). Solid gallium  is 

orthorhom bic, and its rigid directional bonds lead to a rather inefficient packing structure 

w hich, unlike most m etals, results in an increase in density on m elting [W ittenberg and 

DeW itt, 1972]. Gallium is in fact classed as a semimetal, and has a com paratively low 

electrical (7.35x106 S m-1 [Lide, 1998]) and thermal conductivity (see figure 1.1), when 

com pared with a good conductor like copper or alum inium  (the electrical conductivity o f  

A1 and Cu is about an order o f  m agnitude greater than that o f  Ga). Gallium  has a num ber 

o f other properties [lida and Gutherie, 1988a] which have particular relevance to its 

preparation as a target in PLD o f  GaN. Liquid metals tend to have considerable surface 

curvature which m akes the laser spot size and laser fluence difficult to determ ine 

accurately. W hile the surface tension can be reduced som ewhat (~ 0.1 mN m ' K '' for Ga)

' U S geological survey (http://m inerals.usgs.go\ /m inerals'pubs/com m oditv/gallium A).
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by heating the metal, the problem of a curved target surface is probably best tackled by 

use of a shallow, large diameter target holder.

GaN Ga Units

Structural properties

Crystal structure Hexagonal/ Cubic Orthorhombic

Lattice constants (ao, b„ Co) 3.19,3.19,5.19/4.52 4.52, 4.49, 7.63 " A

Density 6 .15 ' 5.91 (6.1) ‘ gcm'^

Thermal properties

Melting point ~ 2800" 303" K

Boiling point - 2500” K

Heat capacity M l 26' J K'' mol''

Thermal conductivity ^1.3, 0.3* 0.436(0.278)" W cm"' K''

Heat diffusion depth 500 590 nm

Optical properties

Bandgap ^3.45 (300 K) - eV

n, k (^=248 nm) ® 2.55, J 0.394 (0.25,2.7)®

n, k (X.=635 nm) ® 2.35, "0.0005 (1.4, 6.9)®

Absorption depth {X= 248 nm) 50 7 nm

Table 1.1 Some properties o f GaN and Ga relevant to the PLD process. The values
tabulated were measured using single crystal GaN thin films and bulk Ga, except for the 
values in parentheses, which were obtained using liquid gallium. *The conductivity 
estimate for ceramic targets was made noting the result in Krukowski et al. [Krukowski, 
1998]. Where applicable, the values are room temperature quantities. Sources: ® [Edgar, 
1994]; '’[Geiger et al., 1987]; ‘̂ [Jiemin and Lamvik, 1998]; [Kofman et al., 1977]; ® 
[Schulz, 1955]; ‘‘[Chin et al., 1994]; ® [Yu et al., 1 9 9 7 ] ; [Ambacher et al., 1996]; ‘ [lida 
and Gutherie, 1988a] (300 K -500 K);J [Muth et al., 1997]; [ICCD].
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F ig. 1.1 Viscosity (left) and thermal conductivity (right) o f  gallium as a function o f  
tem perature. For com parison, the thermal conductivity o f alum inium  is also included. A 
detailed overview  o f  the properties o f  liquid gallium  is given in [lida and Gutherie, 
1988a]

Gallium  will corrode alum inium  [Bhadeshia, 2003] and the use o f  alum inium  containers 

or target holders is best avoided. O f particular relevance to film growth purity is the fact 

that group III metals tend to oxidise quite easily, and an exposure o f  ~ 10-100 Langm uir 

(1 Langm uir = 10'"̂  Pa s = 10'^ mbar s) o f  air is sufficient to form an oxide layer o f  a few 

nm thickness [Regan et al., 1997]. Finally, liquid gallium  has a tendency to supercool, 

and, since its viscosity rises sharply below the m elting tem perature [Culprin, 1957], a 

subsequent rapid solidification will tend to freeze-in any surface structure. Care must 

therefore be taken to cool targets slowly to obtain smooth, flat surfaces [Kofman et al., 

1977].

1.1.2 O p tica l p ro p e rtie s  o f G allium

Solid gallium  is strongly anisotropic; therefore its reflectivity depends on the direction o f  

the incident polarization vector relative to the crystal axes. At normal incidence, the 

reflectivity varies from 50% -80%  over the visible range. On m elting, the reflectivity o f 

gallium  increases significantly, remaining fairly constant at ~ 90%  in the visible range 

(see figure 1.2b).



Chapter 1: M aterial properties 11

3

2

1

0
200 400 600 800

10

8

6

R 0.9 0-  0 o o o o

X(nm)

O  Liquid gallium

200 400 600 800 10M
X(nm)

Fig. 1.2 (a) Optical constants for liquid gallium [Schulz, 1955] (left). The data at A,<400 
nm was determined using the Drude free electron model, (b) The normal incidence 
reflectance for solid gallium [Kofman et al., 1977] (right). The labels a, b and c 
correspond to the incident light being polarised parallel to the (100), (010) and (001) axes 
of the crystal, respectively. For curves a and b, the light was incident on the (001) 
surface, while curve c was taken with the beam incident on the (010) surface. The normal 
incidence reflectance for liquid gallium is also included for comparison (circles).

The optical properties of liquid gallium at 248 nm have not been measured 

experimentally, though the n and k values for liquid gallium in the (200 -  400) nm 

wavelength range have been predicted [Schulz, 1955], using the Drude free electron 

model'. Since this data compares quite well to experimentally determined values in the 

visible and near IR range (400 -  1000 nm), it was assumed that the model was suitable 

for obtaining values of n and k a t X  = 248 nm. The optical constants  ̂ for liquid and solid 

gallium over the visible wavelength range are presented in figures 1.2(a) and 1.2 (b).

 ̂For an overview of the Drude free-electron theory of metals, see for example Bom and W olfs “Principles 
of Optics”, section 14.3, Bom, M. and E. Wolf, Principles o f Optics, Cambridge University Press, 
Cambridge, 1999.

 ̂Metals with high reflectivity in the UV often satisfy the condition that « (=   ̂> which corresponds

to a speed greater than c, the speed of light in vacuum. In this relation v is the phase velocity which is the 
speed at which cophasal surfaces of a wavefront advance. Since it is not possible to measure the speed of 
all points on the wavefront simultaneously, this phase velocity is not physically significant and the theory 
of relativity is not violated (for a rigorous analysis, see [Bom and Wolf, 1999], section 1.3.3).
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These values have been extrapolated from the data o f  Schulz [Schulz, 1955] and Kofman  

[Kofman et al., 1977], respectively.

1.1.3 Physical properties of GaN

GaN is o f  interest for a range o f  applications, primarily because o f  its w ide direct 

bandgap, but also because it exhibits high m echanical strength and stability in dem anding  

chem ical and electronic environments. The nitride bond is com paratively strong with a 

bond energy o f  2 .24  eV  per bond for GaN compared to 1.63 eV  per bond in G aAs 

[Harrison, 1989]. Chem ically, it is a very stable com pound and can only be w et-etched  

with aggressive agents such as hot NaOH or H2 SO 4 [Strite and M orkoc, 1992]. The group 

111 nitrides are characterised by high m elting temperatures (> 2000 K) and require very 

high nitrogen pressures (> kbar) near their m elting temperatures to prevent 

decom position and promote crystal formation [Porowski and Grzegory, 1997], This 

requirement renders standard crystallization techniques, such as Czochralski method, 

impractical for GaN growth. GaN normally crystallizes in the hexagonal wurtzite 

structure, how ever the cubic zinc-blende phase can be obtained by controlled film  growth 

on cubic substrates [Wu et al., 2001] (the wurtzite and zincblende structures are 

illustrated in appendix A ). GaN is classified as adamantine (or diam ond-like) since it has 

a tetrahedral bonding co-ordination which, as in diamond, results in excellen t hardness 

and high thermal conductivities o f  > 1 W cm ' K ' [Slack, 1973]. The thermal expansion  

coeffic ien t for GaN differs considerably from sapphire w hich is the m ost com m only used 

substrate in GaN thin film  growth (see chapter 3, table 3.1).

1.1.4 Optical properties of GaN

In com parison with Si or G aAs, the optical properties o f  GaN have received little 

attention, and there is som e variation between reports [Ambacher et al., 1996; Yu et al., 

1997]. The data o f  Yu et al. [Yu et al., 1997], as illustrated in figure 1.3a, has been used 

in this thesis. D ingle et al. [D ingle et al., 1971] have shown that there is a significant 

degree o f  optical anisotropy in GaN crystals, particularly at shorter w avelengths (<350  

nm), w hile Ejder [Ejder, 1971] has measured the temperature dependence o f  the 

refractive index to be ~  2><10'  ̂ K'' near room temperature.
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A number o f groups have measured the absorption coefficient'* o f GaN single crystals 

[Dingle et al., 1971; Ambacher et al., 1996; Muth et al., 1997], which increases with 

carrier concentration. This is particularly noticeable below the bandgap i.e. at longer 

wavelengths, as illustrated in figure 1.3b [Ambacher et al., 1996], where the data was 

collected using samples o f varying electron concentration.

Wurtzitec 2.7 
d 2.6

•oc
U 2.5 >

2.4u

 ̂ 2.3

2.2
500 1000 1500

EO
cy
u
e
8o
c0

1
x><

Wurtzite,4
10

,310

,210

10

31 2 4
Wavelength (nm) Photon energy (eV)

Fig. 1.3 Wavelength (photon energy) variation o f (a) refractive index [Yu et al., 1997] 
and (b) absorption coefficient for various doping concentrations [Ambacher et al., 1996]
o f GaN single crystal on sapphire (curve labels: [1] 2><10’  ̂cm'"*, [2] 2 .8 x l0 ‘' cm'"’, [3] 
5x l0 '^  cm' , [4] 2 .3xl0 '*  cm'^, [5] 2x lo '^  cm'^). The measurements were carried out at 
room temperature.

It is important to appreciate that the properties o f polycrystalline nitride powder pellets 

used as laser ablation targets in PLD will differ considerably from those o f single 

crystals. Nitride powders normally have a significant fraction (>0.01 %) o f impurities 

such as oxygen and silicon [Slack, 1973; Slack and McNelly, 1976]. Depending on the 

method o f preparation, pressed powder pellets are also likely to have a lower density and 

significant void fraction compared with a single crystal. These factors tend to reduce both 

the mechanical strength and thermal conductivity o f the material [Slack, 1973]. 

Accordingly, the conductivity o f the GaN ceramic targets used in this work was assumed 

to be a factor o f 4 less than the single crystal value, noting the result in Krukowski et al. 

[Krukowski et al., 1998] (see table 1.1). In addition, the surface roughness o f 

polycrystalline targets is considerably greater than single crystals, which reduces its

See appendix E for a overview o f  the relationships between refractive index and absorption coefficient
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reflectivity. Furthermore, a high density o f  sub-bandedge defect states tends to broaden 

the optical absorption energy range o f  the powders compared to single crystals 

[Cazzanelli et al., 1998]. As a result, the reflectivity o f  the ceramic targets is likely to be 

considerably less than that o f  a single crystal.

Despite being the dominant constituent in the earth’s atmosphere (at ~  78%), the 

abundance o f  nitrides in the earth’s crust is extremely low at less that 0.01 % [Battino, 

1982]. This is due, primarily, to the fact that the most abundant and stable form o f  

nitrogen, the N 2 molecule, is quite stable with bond energy o f  9.8 eV (945 kJ mol''), 

which is almost twice the strength o f  the bond in O2 (498 kJ mol-1) and 2.5 times greater 

than the other group V gas As2 (382 kJ mol'') [Lide, 1998]. The cross-sectional area o f  an 

N 2 molecule is o f  particular relevance to plume-gas interactions in PLD using a 

background gas. The N-N bond length is quoted as being 1.098 A [Lide, 1998], thus the 

cross-sectional area projected by an N 2 molecule is o f  the order o f  lO '̂  cm'^. It is worth 

noting that at high pressures (> kbar), Nj behaves as non-ideally in the sense that the 

experimentally measured pressures do not vary exponentially with temperature. 

[Karpinski and Porowski, 1984]. Many nitride film growth systems employ active (see 

footnote # 2, this chapter) nitrogen sources to promote nitride formation. While 9.8 eV is 

required to dissociate the N 2 molecule, there are a number o f  excited molecular nitrogen 

states at lower energy (see figure 1.4). These levels can provide sufficient energy to 

overcome the nitride formation barrier in GaN growth, and is a point which is discussed 

further in section 1.3.

Finally, a quantity which is o f  considerable importance in film growth applications is the 

rate at which N 2 molecules interact with the surface o f  the substrate. The Hertz equation 

relates the flux (particles per second) per unit area with the pressure {p) and temperature 

(7) o f  an ideal gas:

1.1.5 Properties of nitrogen

JHerAT)= ^ (eq.1.1)
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Other than p  and T, which are related through the ideal gas equation, this expression 

depends only on the mass o f the N 2 molecule, which is 28 a.m.u. {kg is Boltzmann’s

constant).

Activated Nitrogen GaN Reaction
>1----
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_N(«S)+N(*P)
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Fig. 1.4 Energy level diagram for active nitrogen. Also included is the Gibbs free energy 
o f formation (AG) for two GaN molecules at 800 °C and 1.33x 10'® mbar [Newman,
1997],

1.2 High temperature behaviour

Since PLD involves intense heating o f the surface o f the target material, and in the case 

o f GaN growth, the use o f substrate temperatures in excess o f 1000 K, an understanding 

o f the behaviour o f Ga and GaN at high temperature is desirable. O f particular relevance 

to PLD is the vapour pressure and evaporation rate, both at the target and film surfaces, 

which can be used to estimate the plume mass and in the case o f film growth, the 

deposition flux requirements in order to achieve reasonable growth rates. Some of the 

important thermodynamic quantities introduced in this section are defined in appendix B.
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1.2.1 Vapour pressure and evaporation rate

Evaporation from the surface o f a liquid or solid^ in equilibrium with a vapour is most 

generally described by substituting for the equilibrium rate constant Ka in the standard 

rate equation (see, for example, [Warn, 1985]):

AG“ = - /? Z ;in / :„  (eq. 1.2)

Here, AG^ is the standard Gibb’s free energy o f reaction, while R  is the universal gas 

constant (T is  absolute temperature). The reaction stoichiometry determines the 

equilibrium rate constant, Ka, which for a reaction o f the form aA+bB—*cC+dD, can be 

expressed in terms o f the molar concentrations (square brackets) as:

(eq.1.3)
[ A Y [ B f

For an ideal gas, Ka can be expressed in terms o f the partial pressures o f the various 

evaporating species, with liquids or solids taking a value o f unity if the pressures are 

expressed in bar. In the simple case where a solid or liquid evaporates as single atoms or 

molecules (as is the case for most metals), the vapour pressure above a surface at 

temperature Ts is more commonly expressed in terms o f the latent heat o f evaporation per 

particle, Ly, in the form o f the Clausius-Clapeyron equation:

= exp
1 1

TV - ' o

(eq.1.4)

Here, po is the equilibrium vapour pressure at a specific temperature To, usually taken as 

the boiling point. For a compound such as GaN, which evaporates according to the

equation GaN Ga + j / ^ N  , the total vapour pressure is likely to be due to the partial

* The process whereby a solid vaporises without melting is known as sublimation. For convenience, the 
term “evaporation” is used to describe the evolution o f  a vapour above a liquid or solid.
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pressures of the various evaporating species, in which case the standard rate equation^ 

form must be maintained:

(eq.1.5)

Once the vapour pressure is known, the evaporation rate per unit area (usually expressed

The evaporation coefficient (ratio of the measured evaporation flux and the 

thermodynamically predicted tlux), a, accounts for processes, such as strong surface 

bonding, which limit the evaporation rate [Averyanova et al., 1997] (conversely, or > 1 if 

polyatomic evaporation occurs).

Gallium is reported to have a considerable fi"action o f dimers (diatomic molecules) in its 

vapour, particularly as the temperature is increased above 1000 °C, which introduces a 

significant degree of uncertainty into evaporation rate calculations [DeMaria, 1970], It 

has been suggested that the evaporation coefficient for gallium lies in the range 1.2 < a  

<2.5. Geiger et al. [Geiger et al., 1987] have reported the vapour pressure over gallium, 

and have determined a value for the heat of vaporisation for the system, though they have 

not commented on the species type in the vapour. Their data is plotted in figure 1.5, as 

well as a vapour pressure curve determined from their heat o f vapourisation value (264 kJ 

mol ' )  over a wider range of temperatures.

in cm '  s ') can be determined using the Hertz-Langmuir-Knudsen equation:

(eq.1.6)

1.2.2 Evaporation o f Gallium

* Strictly, the rate equation is expressed in terms o f  the activities o f  various components and a more 
rigorous form o f  the equation is given in appendix B. Note that the activity o f  a substance is a 
dimensionless quantity.



Chapter 1: Material properties 18

2500 K 1750 K 1250 K 1000K 2500 K 1660 K 1250 K 1000 K

2 6 84 10

i o " - i

2

vi
tA
0)

 Clausius-Clapeyron
O Experiment

6 8 102 4
io “/T iC n -

Fig. 1.5 (a) Experim ental (circles) and calculated (line) vapour pressure over gallium 
(left) [Geiger et al., 1987], (b) Evaporation rate o f  gallium  as a function o f  tem perature 
calculated using equation 1.6 and assum ing an evaporation coefficient o f  unity. N ote that 
the evaporation flux at typical film growth tem peratures (~ 1000 K) is o f  the order o f  10 '“* 
cm'^ s '‘.

1.2.3 Decom position o f GaN

The behaviour o f  GaN at high tem perature has received much attention in the literature, 

indeed m uch o f  the earlier GaN publications were concerned with decom position and the 

vapour pressure over GaN [Lorenz and Binkowski, 1962; M unir and Searcy, 1965; 

Schoonm aker et al., 1965; Groh et al., 1974]. It is unclear as to the nature o f  the 

evaporating species (whether Ga, N 2 , or both), although experim ental evidence suggests 

that GaN is not present in the vapour [M unir and Searcy, 1965; Groh et al., 1974].

Rather, GaN decom poses to G a and N 2 . In vacuum, it seems that the evaporation is non- 

stoichiom etric, with excess gallium  rem aining on the surface after the heating process. In 

contrast, M unir and Searcy [M unir and Searcy, 1965] found that Ga and N 2 evaporated 

congruently from a GaN pellet in a Knudsen cell apparatus at tem peratures up to 1200 

°C, but only when the cell orifice to sample area ratio w as m aintained at a certain value. 

N ew m an [Newman, 1998b] has used M unir and Searcy’s data to calculate the 

decom position rate o f  GaN as a function o f  tem perature (figure 1.6), using the Hertz- 

Langm uir-Knudsen equation (eq. 1.6). For this work, a fit to M unir and Searcy’s data
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(figure 1.6), sim ilar to N ew m an’s approach, was used to m odel the evaporation flux 

{joaN) from laser ablated GaN targets is given by the following expression:

log.o JoaN = 2 7 .4 -  (cm'^ s '')  (eq. 1.7)

1E21

(/) q

I
X
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1E15:

1E13
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10-/T io*/r

Fig.1.6 (a) Total vapour pressure over GaN [M unir and Searcy, 1965] (left) and (b) 
evaporation flux o f  GaN calculated using the vapour pressure data and equation 1.6.

1.3 G aN  g ro w th : N2 p re ssu re  req u irem en ts

Can GaN be synthesised from G a metal at these tem peratures by choosing a suitable N 2 

pressure? For an evaporation coefficient close to unity, one m ight expect this to  be 

possible. However, m easurem ents o f  the vapour pressure above heated GaN sam ples are 

orders o f  m agnitude less than the N 2 pressures required to prevent decom position, as 

illustrated in figure 1.7. Indeed, GaN synthesis from G a metal and N 2 requires 

tem peratures in excess o f  1600 K and N 2 pressures o f  15-20 kbar [Grzegory et al., 1993], 

and the growl:h rate quite slow (-0 .1  mm per hour) even under these extrem e conditions. 

These exceptionally high equilibrium  N 2 pressure requirem ents indicate that the 

evaporation coefficient for GaN is quite low (com pare with figure 1.6). The data in figure 

1.7 will be referred to frequently in the thesis, since it has implications not only for film 

growth, but for tem peratures at w hich nitride targets are prepared (section 3.2.1.1).
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Fig. 1.7 Tem perature variation o f  tiie equilibrium  N 2 vapour pressure over AIN, GaN and 
InN. The dotted lines indicate the maximum tem perature and pressures used in the 
m easurem ents [Porowski and Grzegory, 1997].

1.4 G ases at high tem perature/ plasm a formation

1.4.1 High tem perature gases

At room tem perature, and at a typical PLD background gas pressure o f  0.1 m bar (10 Pa), 

the density o f  an ideal gas is given by j , which is approxim ately 2x lO'^

gas particles per cubic cm. Correspondingly, the Hertz equation (eq .l .1) shows that at 

this pressure and tem perature, the flux o f  N 2 m olecules striking a surface (e.g. o f  a film) 

is ~  3x 1 0 '^ cm'^ s '. Thus, one m ight expect the environm ent to prom ote GaN formation 

i f  the fraction o f  dissociated or excited N 2 m olecules was only ~  10'^, since the GaN 

decom position flux is ~  lO’  ̂ cm'^ s’’ at typical film growth tem peratures (see figure 1.6). 

W hile the high velocity tail o f  the M axwell-Boltzm ann distribution allows for a small but 

non-zero probability o f  certain particles having speeds w hich are sufficient to dissociate 

or excite some o f  the molecules, the fraction is in fact insignificant^ until a tem perature o f

’ For example, the dissociation fraction for molecular nitrogen in air is only 0.0004 at 4000 K at 
atmospheric pressure. The fraction will be slightly greater at lower pressures since it depends inversely on 
the square-root o f  the gas density. For a detailed discussion, see [Zei’Dovich and Raizer, 1966].
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several thousand Kelvin is reached (p. 194, [Zel'dovich and Raizer, 1966]). This is 

because the fraction depends exponentially on -  j , where U  is the energy o f  the

excited or ionised state with respect to the ground state. Typical dissociation energies and 

first ionisation potentials o f  the common diatomic gases are greater than 5 eV, as is the 

lowest excited state for molecular nitrogen (6 eV), while kgT is less than 0.1 eV. Thus, 

thermal plasmas, in which the ion, electron and gas temperatures (and densities) are 

comparable, are not practically sustainable, at least in the sense o f  maintaining a large 

volume o f  gas (i.e. the volume o f a deposition chamber) at several thousand degrees 

Kelvin. Fortunately, the energetic laser ablation plasma plume can lead to excitation and 

ionisation o f  the background gas in PLD. Therefore, while N2 is insufficiently reactive 

for GaN formation using other film growth techniques, it may still be a suitable gas in 

PLD o f GaN. Such plume-gas interactions form the basis for the studies reported in 

chapters four and five.

1.4.2 Electrical discharge plasmas

An alternative means o f  establishing a plasma environment is to create non-thermal 

plasma, by means o f an electrical discharge. In this case, electrons in a gas are 

accelerated through an electric field and, in doing so, excite and ionise gas particles if the 

electric field strength and electron mean free path in the gas are large enough to establish 

the required acceleration between collisions. The greater mass o f the ions means that they 

experience considerably less acceleration in the electric field, and in any case, ions tend 

to thermalise quickly with the neutral gas atoms (which essentially have the same mass*) 

due to a high collisional cross-section with the neutrals. Therefore, the electron 

temperature is considerably greater than the ion temperature in electrical discharge 

plasmas (i.e. Telectron'^^Tion '̂ gas)'

* Ions differ in m ass from neutral atom s only by an amount equal to Z/n^, where Z is the charge state o f  the 
ion and nie is the electron m ass which is ~  5x lO'  ̂ tim es less than the proton mass.
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1.4.3 Basic plasma properties

W hile plasma, by definition, is charge neutral (at least on a m acroscopic scale) w ith equal 

numbers o f  ions and electrons, it maintains a positive (plasm a) potential with respect to 

its confin ing boundaries (e.g . the chamber w alls). This is due to the higher m obility o f  

electrons compared to ions, and the tendency o f  ions to remain in a g iven region o f  space  

for a longer time. Sim ilarly, i f  an electrode is inserted into the plasma, the electron flux^ 

(charge per unit area per second) at the electrode surface w ill greatly exceed  that o f  the 

ions, and as a result, quickly build up a region or sheath (“D ebye” sheath) o f  negative  

charge. I f  the electrode is negatively biased so as to repel electrons, it w ill act as a 

positive ion collector. This is the basis o f  the Langmuir ion probe technique [M ott-Sm ith  

and Langmuir, 1926], which is used in this work and is discussed in greater detail in the 

fo llow in g  chapters.

Plasm as, unlike solid conductors and liquids, do not exhibit a sim ple linear voltage- 

current relationship between the tw o electrodes as in O hm ’s law. This is because both 

electrons and ions can contribute to current transport, which is unlike the case o f  a solid  

or quasi-static liquid conductor where ions are essentially  fixed in a flow  (or “sea”) o f  

conduction electrons. Furthermore, w hile only electron scattering with fixed ions needs to  

be considered in solid  conductors, co llisions in plasm as can take place between any 

number o f  different particles such as electrons, atom s and diatom ic species, o f  which  

atom s or m olecules can be in neutral, excited or ionised states. To com pound  

com putational difficulties, co llisions can be elastic or inelastic, with the latter 

encom passing a w hole range o f  processes such as ionisation, excitation, relaxation and 

recom bination, usually involving a third particle (see for exam ple [Chapman, 1980c]). 

W hile the various scattering cross-sections in g low  discharges are reasonably w ell 

known, particularly in the com m on gas discharges including N 2 (see, e .g . figure 1.8), the 

cross-sections for laser ablation plum es in a background gas are not. It fo llow s that the 

dom inant collisional processes in PLD in a background gas are not w ell understood. This

’ Assuming charges (i.e. ions or electrons) within the plasma are described by an ideal gas speed u, then the 
corresponding current flux at a surface in contact with the plasm a,, j=neii/4  is simply related to the speed 
alone where n is the gas density. The factor o f  'A arises when considering the velocity components directed 
towards the surface and integrating over a solid angle o f  n (see for example, [Chapman, 1980]).
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o f course has a critical effect on setting the parameters for film growth, since it is unclear 

as to what energies (fluence) or background gas pressure (i.e. gas density) are required to 

achieve sufficient excitation or ionisation. The following chapter considers some o f  the 

characteristics o f  laser produced plasmas.

oCCD^ OOOCGcCD^y^

C  □ □ m t S nv-18
N"" or N,

,-20

10 100
Electron energy (eV)

Fig. 1.8 Ionisation cross-section for N 2 ,̂ N 2^ ,̂ and production by electrons in N 2 . 
N" and have the same charge to mass ratio, and are thus indistinguishable in charge 
to mass studies (from [Tian and Vidal, 1998]).
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2. Theory and modelling

PLD can generally be described as the removal (ablation) o f  a thin layer o f  

material from  a solid or liquid target using a high power, pulsed laser (~ 10 MW, 

pulse FWHM-IO ns), followed by a projection o f  the ablated material away from  

the target, and finally deposition o f some o f  this material on a suitable substrate 

(for in-depth discussion on laser ablation and PLD see, fo r  example, [Singh and 

Narayan, 1990; Chrisey and Hubler, 1994; Haglund and Miller, 1998]). The 

following sections summarise the theory used to develop a number o f  models 

describing each o f  these features.

2.1 Absorption and heating near the target surface

The surface temperature {Ts) rise and ablation rate in high intensity laser irradiation of a 

surface will depend greatly on the surface reflectivity and the electronic structure o f the 

material. Since this work involves laser ablation of two materials which differ 

considerably under these headings, i.e. Ga (a metal) and GaN (a wide bandgap 

semiconductor), it is useful to consider the optical absorption and heating mechanisms for 

both. Much o f the terminology introduced in the following sections is detailed further in 

appendix C.

2.1.1 Laser heating of a metal

In metals, both the surface reflectivity and the extinction coefficient {k, the imaginary 

component o f the refractive index) are relatively high at visible and UV wavelengths, and 

coupling o f the incident photon energy to the solid takes place predominantly through 

absorption of the incident radiation by conduction electrons. Although energy coupling in 

electron-phonon collisions is comparatively inefficient due to momentum mismatch, 

thermalisation times in metals are reported to be of the order of a few picoseconds [Wang 

et al., 1994; Haglund, 1998b]. For UV laser pulses, the optical absorption depth
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is typically'® only ~10 nm, since the extinction coefficient is in the

range (1-5) in the UV for most metals. On the other hand, the heat diffusion

depth, {D = thermal diflfusivity), for ns pulses is often up to 1 micron. The

temperature rise can be suitably described by a one dimensional heat conduction model if 

the following conditions are valid [Ready, 1971; Von Allmen, 1987a]:

i. The timescale over which the laser energy is coupled to the target material (i.e. 

thermalisation time) is much shorter than the laser pulse duration.

ii. The laser pulse energy is absorbed in a depth near the target surface which is 

much less than the heat diffusion depth over the timescale of the laser pulse.

iii. The absorption depth is considerably less than the spot dimensions

The model is likely to yield reasonably accurate comparisons with experiment at low 

laser fluence (<1 J cm “), particularly for laser ablation o f metals near the ablation 

threshold. However, it does not account for material removal by exfoliational sputtering 

which may be significant, particularly in the case o f ceramic target ablation [Kelly et al., 

1998] (reduced surface reflectivity and strong absorption of the incident laser at grain 

boundaries and defect sites will often lead to preferential ablation of these regions 

[Gunster et al., 2001]). Furthermore, ablation is not accurately described by the Hertz- 

Langmuir equation if the surface temperature is close to, or exceeds, the critical 

temperature o f the target material (i.e. when Ts > 0.8 Ter) ' ' [Fucke and Seydel, 1980; Von 

Allmen, 1980].

2.1.2 Laser heating of a wide bandgap semiconductor

For laser irradiation of high purity single crystal wide bandgap (Eg> 1 eV) 

semiconductors with photon energy hv>  Eg, one might expect the absorption process to

Assuming this order o f  ablation depth, a quick estimate o f  the mass loss (density o f  Ga = 5.9 g cm'^) for a 
laser spot size o f  ~  1 mm diameter, yields a value o f  approximately 0.1 )j.g per shot (~  lO'® Ga atoms).
" At the critical temperature, a substance can no longer remain in a liquid state, regardless o f  pressure. 
When a liquid is superheated {T>Tcr), vapour nuclei are formed and grow rapidly within the liquid leading 
to an explosion o f  the vapour-liquid mixture. This is often termed "phase explosion”. There are a number 
o f  anomalous features associated with materials whose temperature exceeds the critical point including 
large fluctuations in density and a sudden drop in electrical conductivity.
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be dominated by interband absorption, where each incident photon creates an electron- 

hole (e-h) pair, eventually resulting in an e-h plasma [Von Allmen, 1987b]. However, as 

indicated in section 1.1.4, polycrystalline pressed powder pellets have a high 

concentration o f defects, and nitride powders in particular have high background 

(electron) carrier concentrations [Slack, 1973]. Thus electron-electron collisions are 

likely to dominate'^ [Von Allmen, 1987b]. Metallisation (i.e. preferential evaporation of 

the gaseous element, e.g. N in GaN) of the target surface seems to be a common 

phenomenon in ns laser irradiation of wide bandgap semiconductors [Haglund, 1998a; 

Gyorgy et al., 2001]. The threshold for the onset of metallisation has been linked to the 

ionicity'^ of the bond [Ichige et al., 1988], which in turn is related to the bond strength 

[Phillips, 1970]. For the purpose of this work, where the laser fluence used is well above 

the ablation threshold (< 100 mJ cm "), extensive decomposition and metallisation is to 

be expected. The use o f a one dimensional heat conduction model to describe laser 

heating o f GaN is not unreasonable since the condition o f ddiff» dop, is approached as 

the laser photon energy exceeds the bandgap energy (see figure 1.3b). At 248 nm (5 eV), 

the ratio of the diffusion depth to the absorption depth is 10 (table 1.1), and the gallium 

rich nature of ns laser ablated GaN targets is likely to further increase the effective 

absorption coefficient (and thus the ratio). Interestingly, a number of groups have 

demonstrated that decomposition of laser ablated nitride targets can be avoided when 

using ps or fs pulses suggesting that thermalisation times are indeed of the order of ps 

[Gyorgy et al., 2001; Hirayama et al., 2001].

2.1.3 Plasma absorption

While ionisation in the vapour over the target is likely to become significant as the 

temperature reaches several thousand Kelvin via the Saha equation (p. 194, [Zel'dovich 

and Raizer, 1966]), absorption of laser photons by electrons via inverse bremsstrallung 

leads to further heating and ionisation of the gas, particularly in the infra-red. For UV 

wavelengths, photoionisation is believed to be the dominant ionisation process, and the

In any case, electron-hole thermalisation times, although greater than those associated with electron- 
electron or electron-lattice (phonon) collisions, are reported to be no longer than ns duration

Bond strengths in compound semiconductors are often scaled according to its likeness to a truly covalent 
or ionic bond. For a detailed discussion on ionicity scaling in crystals, see for example [Phillips, 1970] and 
references therein.
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degree o f  photoabsorption can be characterised by a cross-section which is o f  the order o f  

10''^ cm^ (pp.264-277, [Zel'dovich and Raizer, 1966]). This is the threshold value o f  the 

hydrogen-like photoionisation cross-section given in [Zel'dovich and Raizer, 1966] and 

has been used previously in modelling ns ablation o f  Fe and Mn targets [Lunney and 

Jordan, 1998].

2.1.4 Model for laser heating of the target

Using Duhamel’s theorem [Carslaw and Jaeger, 1986], the solution to the one­

dimensional heat conduction equation for a time-varying heat source at the surface yields 

the following expression for the surface temperature, Ts [Ready, 1971]:

T, (t) =  - = i =  d r  (eq. 2.1)
yjKpnC 0 v r

Here, k, p  and C are the thermal conductivity, mass density and specific heat capacity o f  

the target, respectively. The irradiance at the target surface contains a term which 

accounts for plasma absorption by the evaporated particles, p^ap (i.e. the total number o f  

vapour particles accumulated up to a time 0  as follows [Lunney and Jordan, 1998]:

/ ( 0  = (1- /? ) / , ( / )  exp 

/

<J Pvap r  VQ 

COS^n
(eq.2.2)

9i is the angle o f  incidence o f  the laser beam with respect to the target normal, and ap is 

the photo-absorption cross-section at the incident laser wavelength which, was taken as 

10“'̂  cm  ̂ (section 2.1.3).The number o f  particles vaporised per unit area per unit time, 

jy,ap, can be determined using a suitable vapour pressure relation (e.g. eq. 1.3 or eq. 1.6). // 

is the input laser intensity (W cm'") at the target, before accounting for the reflectivity o f  

the target surface, R. An analytical expression for the laser intensity was obtained by 

using a fit to the pulse profile measured using a fast photodiode (see Appendix D). The
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calculation was evaluated numerically using the Mathematica software and the code for 

the routine is contained in appendix (appendix E).

Figure 2.1 shows the temperature rise calculated using the model for gallium {R = 0.8) 

ablated at a fluence of 2.5 J cm'^ using the n and k values listed in table 2.1. The 

corresponding vapour pressure over a Ga target predicted by the ablation model is also 

plotted (right), as is the variation in the peak vapour pressure with fluence (inset).

Although thermal conduction regulates heat dissipation a s (eq. 2.1), the exponential

photo-absorption term dominates at higher fluence when the high evaporation flux 

effectively shields the target from incoming radiation. In agreement with the 

experimental results of Dyer et al., [Dyer et al., 1992], the peak vapour pressure is of the 

order o f MPa when using a fluence o f a few J cm'^, which must be accounted for when 

using liquid (Ga) targets.
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Fig. 2.1 Surface temperature rise for laser (26 ns, 248 nm) heating of gallium targets, for 
different fluences using a surface reflectivity of 0.8 (the calculation includes the photo­
absorption term). The panel on the right shows the vapour pressure profiles 
corresponding to the surface temperature rise calculated when using a fluence 2 J cm'^ 
and 3 J cm'^, with the peak pressure plotted vs fluence in the inset.
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2.2 Expansion of the laser ablation plume

While the initial stages (near the target) of the laser produced plasma expansion in either 

high vacuum or a low pressure gas are quite similar'"* [Kelly and Dreyfus, 1988; 

Anisimov et al., 1993], the expansion characteristics can vary considerably at typical 

target-substrate distances of a few cm, depending on the background gas pressure. The 

following sections summarise the behaviour o f the expansion in a number o f these 

regimes.

2.2.1 Expansion in high vacuum

At low background gas pressures (< 10'  ̂mbar), the expansion o f the plasma plume is 

essentially self-similar once an acceleration region o f the first few mm or so above the 

target is traversed, after which the plume front velocity remains almost constant. The 

angular distribution of an expansion can be described using the solution to the 

hydrodynamic equations o f Anisimov et al. [Anisimov et al., 1993; Hansen et al., 1999]:

/

N{0) = N,
l + (/r^ -l)sin '(6»)y

(eq. 2.3a)

Here, No is the integrated flux at the normal (substrate) position (6=  0) and the "k ” value 

is the asymptotic ratio o f the plasma expansion boundaries along and perpendicular to the 

target normal (see figure 2.2). Although this parameter depends on the ratio o f the heat 

capacities y and the initial plasma dimensions [Hansen et al., 1999], which are not easily 

measured, it can be obtained experimentally by fitting ion flux data (the variation in the 

angular distribution with k  is illustrated in figure 2.2). The time-integrated ion flux per 

pulse can be calculated by integrating this function over the solid angle subtended by the 

plume (approximately 2n), yielding:

The mean free path between collisions in the Knudsen layer is much shorter than the corresponding MFP 
in the background gas
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- j.

^ , 0 ,0 , = K  — ^  (eq.2.3b)
K

Here, the distance from the target at which No is measured is given by d. For non circular 

laser spots, the plume profile will differ depending on the axis about which the expansion 

takes place. If the laser spot is approximated as an ellipse, the term in equation 2.3b is 

replaced by kaKb, where ka and kb are the /rvalues corresponding to both directions (see 

figure 2.2, right).

Z(t)1.0 -

N/N

0.5-

k =2

0.0
-90 -60 -30 30 60 900

(degree)

Laser spot
Axis A

Axis B

Target

Fig. 2.2 Angular distribution of total integrated flux given by the Anisimov model for 
different k  values. The ‘V ’ value is represented by the ratio of the semi-minor and semi­
major radii of the ellipsoid (=X(t)/Z(t)) in top right schematic. The probe can be rotated 
about the two axes o f the laser spot (labelled “A” and “B” in the bottom right schematic) 
to obtain a /rvalue for each axis.

2.2.2 Expansion in a background gas 

2.2.2.1 Scattering at low pressure

At low background pressures, scattering will cause some broadening o f the angular 

distribution of the plume and a reduction of the number o f ablated particles reaching a
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substrate placed directly in front o f the target [Wood et al., 1998]. If it is assumed that 

this behaviour can be described by a simple Beer’s law model (see, for example, p.219 

[Bom and Wolf, 1999]), then the number reaching a given point will reduce

exponentially with increasing gas density as:

N{n^)^  NQe\p[-n^(Tgd) (eq.2.4)

Here d  is the target-probe distance and ag the scattering cross-section [Chapman, 1980b; 

Wood et al., 1998], The mean free path o f the particles in the gas is simply given

b y ^ j/ ^  . This model is later used to determine the scattering cross-section for ions in 

N2 (chapters 4 & 5).

1.1.22  Shock front formation

When the gas pressure is increased such that the mean free path o f  the plume particles in 

the background gas is reduced'^ to ~ 1 cm, the collision o f  the ablation plume with the 

gas launches a shock-wave. In a regime where the shock wave is fully developed at an 

early stage o f  the expansion (i.e. near the target), the plume can be thought o f as a piston 

driving out against the background gas and accumulating gas particles on its way. The 

description o f  this process is somewhat simplified if it is treated as a point explosion, and 

the radius o f propagation can be written as (p.97,[Zel'dovich and Raizer, 1966]):

P o
Bt"

(eq. 2.5)

This law  assum es hard-sphere, elastic scattering from fixed targets. The requirement that the background 
gas behave as fixed particles can be approximated since, at room temperature, the mean velocity  o f  an ideal 
gas o f  m olecular w eight = 28 g  mol'' (m olar m ass o f  an N 2 m olecule) is ~  400 m /s, w hich is significantly  
less than typical ion velocities for these laser ablation plasm as (>  10“' m /s). The approximation is especially  
valid  i f  the background gas particles are much heavier than the projectiles (i.e. the plum e species).

Plum e diagnostics are typically carried out at a few  cm from the target. Therefore, formation o f  a 
Shockwave formation m ust take place within this range in order for the phenom ena to be observed. In 
addition, a shockfront is maintained as long as the outward plume pressure is much greater than the 
backgound gas pressure; a condition which w ill only hold within a lim ited distance (~1 cm ) from the target.
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^and E are constants for a particular expansion and are primarily determined by the 

specific heat ratio /and  the mass density of the layer po. In the case where the expansion 

can be approximated as being spherical, the exponent rj is equal to 2/5. The radial 

propagation velocity can be written as:

By measuring the TOF at various distances from the target and fitting the data, j] and B 

can be determined, and thus the expansion velocity can also be calculated. Otherwise, 

substituting for t in terms of R, allows the velocity (v) and kinetic energy to be written in 

terms o f the radial distance'^:

A simple model can be used to estimate the total number o f background gas particles 

accumulated in this manner, assuming that the expanding plume accumulates all 

background gas particles in its path (see figure 2.4). The number of particles in a volume 

Fe described by a solid angle dO md  radius r is:

(eq. 2.6b)

(eq. 2.6c)

(eq. 2.7)

In the case o f  a spherical approximation (// =2/5). Therefore, the velocity and the kinetic energy are
- V  _3

simply related to the propagation distance as\ V ^  R and K.E. oc R .
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The number of particles accumulated per unit surface area o f the expanding plume:

T = 3 0 0 K

-  r = 2 cm
- r = 3 cm 
■ r = 4 cm

1E13
IE-3 0.01 0.1

Accumulated
Substrate gas layer

Target

(mbar)

Fig. 2.3 Schematic o f background gas accumulation model (left). The total volume swept 
out by the plume is represented by the lightly shaded region (VT), while the volume 
swept out towards the substrate (Vg) is darkly shaded. Also included (right) is the density 
o f particles accumulated on the surface o f the expansion at various distances from the 
target (plotted vs gas pressure).

Although this is a very much simplified argument which ignores any complex gas 

dynamics, it serves as a useful guide to the number o f N 2 molecules which can be 

activated by the energetic expanding plume (the surface density as a function o f gas 

pressure is plotted in figure 2.4).

2.2.3 Probe theory

The expansion dynamics o f laser ablation plumes can be monitored quite sensitively with 

an electrostatic ion probe placed a few cm in front o f the target surface [Hansen et al., 

1999; Toftmann et al., 2000]. The probe consists o f a few mm of a thin metal wire 

exposed beyond an insulating casing, or an exposed area o f a metal electrode. In ion 

detection mode, the probe is negatively biased to repel electrons and thus detects a pulse
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o f ion current due to tiie flow of the ablation plasma past the probe position. It can be 

used to determine the ion density, ion flux and the energy distribution o f the ions arriving 

at the substrate. The ion current measured by the probe when sufficiently negatively 

biased (usually Vbias< 25 V is adequate), can be described by a flow o f particles through 

an exposed area A„ normal to the probe with a characteristic velocity v. The ion current 

can be written in terms of the current density rij and charge on the ions eZ  as follows 

[Mott-Smith and Langmuir, 1926; Koopman, 1971, 1972]:

"  "  ' 2 e ( K , . s - K )
v j l +  ' (eq.2.9a)

m.v

Here, Vp is the plasma potential (section 1.5.3) while w, is the ionic mass. The subscript j  

facilitates the description o f ions with different charge state, but since a number o f groups 

[Pronko et al., 1999; McKiernan and Mosnier, 2002] have reported that, at low to 

medium laser fluence (1-5 J cm ') , the plasma plumes o f laser ablated Ga and GaN targets 

were predominantly singly charged (Ga^) at target-probe distances o f > 1 cm, Z is 

assumed to be +1. £se is a factor which accounts for secondary electron emission (see 

section 6.2.1) due to ion bombardment o f the probe which is generally less than 0.5 

[Koopman, 1972]. The term under the square root is very close to unity, since mv^ is 

typically o f the order o f several hundred eV (particularly at the maximum ion flux), while 

\Vbias\ is typically maintained at -25 V. The expression for the ion current can then be 

approximated in terms o f the ion density («,) by;

h  ( 0  = «, (t)eA„v^oF (eq 2.9b)

The flow velocity o f the ions can be determined from the time o f flight (TOF) measured

V  —^TOF / f
by the probe (see figure 2.5): /  . The kinetic energy associated with a

particular time-of-flight is simply;

(eq.2.10)
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If the identity and charge state of the ions are known, then the ion flux per pulse (i.e. 

number of ions per unit sampling area of the probe) can be determined by integrating the 

area under the TOF curve. For a voltage drop, V(t), across the series resistor, R, in the 

probe circuit (figure 3.6a) the time integrated ion flux (J,on) is given by:

(eq.2.11)

TOP,

'( / )
C
0)

■o Area under curve 
=lntegrated charge 
per uiit area3o

6 9
0

123

probe

Target

Time (ns)

Fig. 2.4 Typical ion probe signal displayed in units of current per cm^ (left axis). The raw 
data is a voltage signal corresponding to the voltage drop across the resistor in series with 
the discharge capacitor in the Koopman circuit (figure 3.5). The right-hand scale shows 
the corresponding instantaneous flux (per 0.05 |as time acquisition step) assuming Z =  +1. 
The total integrated ion flux per pulse is obtained by integrating over the time duration of 
the pulse (i.e. the area under the curve). A schematic of the target-probe configuration is 
on the right (see section 3.3.1 for setup).

The ion energy distribution within the plasma can also be determined from TOF probe 

measurements using the following relationship:

This is the total number o f  ions per unit area (usually expressed per square cm) collected by the probe, 
after one laser shot. Hereafter, it will be referred to as the "integrated ion flux”.
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1 dN(t)  _  1 dNj t )  dt _ 1 V(t)  ___ ^
A„ dE A„ dt dE A„ eR ,^, m,„„d^  ion ̂  probe

(eq.2.12)

2.3 Deposition and film growth

2.3.1 Characteristics of film growth in PLD

The preceding sections suggest a number o f aspects o f pulsed laser ablation which are 

potentially advantageous for thin film deposition. These include a high instantaneous flux 

which can be easily controlled by varying the laser fluence or pulse repetition rate and a 

plume whose kinetic energy can be harnessed to drive chemical reactions with a 

background gas or contribute to mobility on the film (or substrate) surface. Conversely, 

these properties can be detrimental to the film growth process. For example, if the flux 

and cluster concentration is too high, 3D (Volmer-Weber) nucleation and growth might 

be expected [Horwitz and Sprague, 1994], while particulate expulsion from the target 

usually leads to particulate accumulation in the film. Furthermore, ions with energies o f 

the order o f several hundred eV are likely to cause sputtering o f the film or substrate 

surface [van de Riet et al., 1993]. Zalm [Zalm, 1984] has developed an expression which 

can be used to estimate the sputtering yield (Yf) for atoms (atomic weight = Zf)  in the 

film due to projectile ions (kinetic energy in keV = £p, atomic weight = Zp) impinging on 

the surface, which depends on the cohesive energy per atom {Uo, in eV) o f the film
19atoms :

(eq. 2.13)

”  This expression is in fact the low energy approximation o f  a model developed for sputtering o f  elemental 
amorphous targets by atomic ion bombardment (i.e. as is sputtering guns), where the energy is typically in 
the keV range. The approximation is outlined in [Zalm, 1984].
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Noting that the cohesive energy o f  Ga is 2.81 eV (p.57, [Kittel, 1996]), the yield becomes 

significant (> 1%) once the ion energy exceeds ~  25 eV for Ga ions incident on a Ga film. 

For the purpose o f  GaN film growth, it is important to establish a number o f  guidelines 

with regard to setting the substrate temperature and limiting the kinetic energy o f  the 

plume. In accordance with well-established sintering practice [German, 1996], substrate 

temperatures in thin film growth are typically chosen to be (0.5-0.66) o f  the melting 

temperature [Newman, 1998a], in order to promote crystallisation. This approach would 

be impractical for GaN film growth, both from a temperature (1250 °C-1650 °C) and N 2 

pressure (i.e. to prevent decomposition, see fig. 1.7) point o f  view. Since deposition rates 

in PLD at moderate fluence are o f  the order o f  lO'  ̂cm^s ' at a repetition rate o f  10 Hz, 

the maximum substrate temperature should be limited to ~  800 °C, to avoid significant 

decomposition o f  the film (figure 1.6). Finally, because surface mobility is limited by 

these temperature restrictions, the plume energy is likely to play an important role in film  

nucleation and crystallisation. Newman [Newman, 1998b] has suggested that moderate 

ion energies (5-10 eV) may produce a substantial enhancement in surface diffusion in 

GaN film growth, but also indicated that the kinetic energies o f  the reacting species 

should not exceed 27 eV. This upper limit on the kinetic energy is related to the energy 

required to cause bulk displacements in (or sputtering of) the GaN lattice.

2.3.2 Theory of optical reflectometry

Optical reflectometry is an in-situ, non-destructive, monitoring tool which can provide 

valuable information regarding the optical properties and thickness o f  a film during 

growth [Aspnes, 1982; Dodd et al., 1994], It is particularly suitable for analysing the 

growth o f  dielectrics or wide bandgap semiconductor thin films, which exhibit weak 

absorption at the monitoring laser wavelength. For these materials, the amplitude o f  the 

reflected intensity oscillates periodically, with little damping o f  the amplitude, as the 

thickness o f  the film increases. The film growth rate can be determined from the

A,
oscillation period which corresponds to a thickness o f  — cos^g where X is the laser

In

wavelength, n is the refractive index o f  the film and do is the angle o f  incidence (p.67 

[Bom and W olf, 1999]). The theory o f  thin film reflectivity on a bulk substrate has been
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discussed by a number o f authors [Heavens, 1965; Bom and Wolf, 1999] and for this 

brief overview, the notation o f Heavens is used where the positive and negative 

superscripts denote the direction o f the incident and reflected electric vectors, 

respectively.

2.3.2.1 Fresnel equations (Bulk reflectivity^”)

The Fresnel equations describing the ratio o f the incident and reflected electromagnetic 

wave amplitudes at an interface can be obtained by applying Gauss’ theorem to the 

solutions o f Maxwell’s equations over the volume o f an infinitely small cylinder (with its 

axis o f symmetric rotation normal to the surface) at the interface (see chapter 1 [Bom and 

Wolf, 1999]). Using the solutions to Maxwell’s equations for a sinusoidal wave 

propagating from a medium of complex refractive index to another o f index , and

Snell’s law (which relates the angles o f incidence (6o) and refraction (9j)  and the 

interface), the Fresnel coefficients can be written as:

(eq .2 .,4a)
cos o', + A2 | cos

(e ,. 2.14b)
c o s  9q +  COS

In these coefficients expressions, the subscripts p  and s denote the components o f the 

electric vector (amplitude =Eo) paralell and perpendicular to the plane o f incidence^’, 

respectively. In experiment, the ratio o f the incident and reflected intensities is more 

easily measured, with the intensity being proportional to the square o f the electric field 

amplitude. Thus, the reflectivity is simply defined as the square o f the absolute value o f 

the Fresnel coefficients. The s- and /?-polarized reflectivity for bulk Ga and GaN surfaces, 

calculated using the optical constants listed in table 1, are plotted in figure 2.5 below.

Reflectivity is expressed as the reflected light intensity as a fraction o f  the incident intensity. More 
recently, the term “reflectance” has replaced reflectivity. The quantities are identical.

With the exception o f  X-ray optics, the plane o f  incidence is usually defined such that it contains the 
incident ray, the reflected ray and the reflecting surface normal.
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GaN
(single crystal) 
 R (248 nm)
- — R j(2 4 8  nm)
- ■ - Rp (635 nm) 

 R j(6 3 5  nm)
G a
(liquid)

Incident angle (deg) Incident angle (deg)

Fig. 2.5 s- and p-polarized reflectivity for GaN (left) and Ga (right) at the excimer 
(248nm) and optical reflectometry (635 nm) laser wavelengths (see table 1.1 for the n and 
k values used).

2 3 .2.1 Effective medium approximation

To account for non-stoichiometry or the incorporation of other materials which can lead 

to a change in the effective dielectric constant of a material, an effective medium 

approximation can be made using one of a number of models, depending on the nature of 

the mixing of materials [Rossow, 1995]. These models are derived from the Clausius- 

Mossotti expression, which relates the polarizabilities, aj, of different components in a 

medium, with the effective permittivity of the medium [Aspnes, 1982]:

= — (eq. 2. 15)

Here, the volumetric dipole density of the component is given by Nj and £o is the 

permittivity of free space. A number of conditions should be met for this relation to be 

valid; in particular, the material should be macroscopically homogeneous in order that 

diffraction from surface or bulk structures can be neglected. Furthermore, in the above 

expression, the polarisability is a scalar, which strictly only applies in the case o f an 

isotropic structure. In general, the polarisability may be anisotropic and described by a
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higher order tensor (more usually, the susceptibility tensor is used to describe the 

dielectric properties o f a material). However, the measured birefringence of GaN wurtzite 

crystals is quite small at visible wavelengths[Dingle et al., 1971]^^, and its polarizability 

is treated as a scalar in the following calculations For a two-component medium, where 

the mixing concentrations are comparable [Aspnes, 1982], the effective permittivity is 

best described by the Bruggemann relation [Bruggemann, 1935; Rossow, 1995]:

= (eq.2.16)

This expression relates the permittivity of the constituents (£),, €p) to that of the medium 

(£eff) in a random-mixture microstructure w here/is the volume fraction of the particles 

with permittivity £p embedded in the matrix of a host material with permittivity £>,. An 

expression for the effective permittivity can be obtained by solving the Bruggemann 

relation (eq. 2.17):

^ e f f  ~  ~  ~  ^  p  ^  ~ ^ p   ̂~ ̂ 1

This expression can be used to determine the effective optical constants of a GaN-Ga 

mixture, since n and k are related to the real and imaginary components of the 

permittivity by h = n - i k -  y f l  [Heavens, 1965] (the relationship between the dielectric 

permittivity and the refractive index is outlined in greater detail in appendix C).

This data showed a relatively small reflectivity difference (-0 .01 ) for light polarised parallel and 
perpendicular to the c-axis from (290-380) nm which only became significant at UV wavelengths.
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Fig. 2.6

Optical constants o f a GaN-Ga 

mixture determined using 

the Bruggemann relation for a 

Ga fraction o f 0 - 0.1. The curves 

were calculated using the optical 

constants for liquid gallium and 

single crystal GaN as listed in 

table 1.1.

2.3.2.3 Reflection from a single layer film

An electromagnetic wave incident on a layer which has been deposited on a substrate will 

undergo numerous reflections between the ambient-film and film-substrate interfaces 

(figure 2.7).

Film

Substrate

Unpolished back surface

Fig. 2.7

Illustration o f beam propagation 

in a single layer film as it 

undergoes numerous reflections at 

the ambient-film and film-substrate 

interfaces. Reflections from the 

unpolished backside o f the 

substrate are assumed to be 

negligible.
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The total amplitude o f the reflected wave is given by the summation o f the individual 

reflections which from figure 2.7 can be expressed as the infinite series 

l̂oiai = ''a + 'a + 'V + ••• • Here, r*, rc and higher order terms contain a phase factor, /3, 

associated with the path travelled by the beam, o f wavelength A, in a film o f thickness d:

Fortunately, this infinite series can be expressed solely in terms o f the Fresnel 

coefficients at the ambient-film (r/) and film-substrate (r^) interfaces and the phase factor 

with the reflected intensity given by:

The 5-polarized reflectivity o f pure GaN on sapphire at 635 nm, predicted by the model, 

is plotted V5 film thickness in figure 2.8 (top panel). Also included is the reflectivity for 

films containing 0.05 and 0.1 volume fraction o f Ga as predicted by the Bruggemann 

model. The values o f n (1.4) and k (6.9) for gallium at 635 nm were taken from table 1.1, 

as were the optical constants for GaN. The reflectivity vs thickness curves presented in 

figure 2.8 were calculated using values o f « = 2.35[Yu et al., 1997] and k=  0.0005 

[Ambacher et al., 1996] which were determined from MOCVD-grown wurtzite GaN thin 

films (see figure 1.3). Previous refiectivity measurements at 670 nm using GaN films 

grown by PLD revealed that the index was given by =2.23 - /' 0.027 [Cole, 1998].

To conclude the discussion on the reflectivity model, it is worth noting that a simple 

expression can be included to account for the increase in surface roughness <Js r (x )  with 

thickness, ;c [Hensler, 1972; Cole, 1998]:

P = — n d̂ cos^, (eq. 2.18)

(eq. 2.20a)
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Here, the adjusted reflectivity, Radj, is expressed in terms of the reflectivity for a perfectly 

smooth film, Ro, and the surface roughness of the film is given by:

0-.sve(^) =  0-y;«./ x
JC

^  fina l y

(2.20b)

Ofma! is the surface roughness after the film has grown to a thickness given by The 

exponent, a, has been measured previously'^ as 1/3 for similar growth conditions [Cole,

1998], In the expression for the adjusted reflectivity, X is the wavelength of the incident 

laser and the angle of incidence is given by Oo.
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Fig. 2.8 Reflectivity at 635 nm for GaN on sapphire {6o = 25°) with various fractions of 
gallium as predicted by the Bruggemann model. From top to bottom,/ =  0, 0.05, 0.1.

The value o f  1/3 was determined by fitting the reflectivity with a surface roughness value which was 
independently measured using atomic force microscopy. In this case, the roughness is in fact the average 
root-mean-square value o f  the amplitude o f  the surface structures.
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3. Equipment and characterisation techniques

The basic equipment requirements fo r  PLD have been discussed by a several 

[Greene et al., 1994], and this chapter serves only to summarise the relevant 

features o f  the deposition setup used fo r  this work. The chapter is divided into three 

main sections; that o f  basic deposition equipment specifications, material 

preparation fo r  ablation and film growth, and finally the specifications o f  the 

plasma and film characterisation techniques.

3.1 Basic PLD experimental setup

3.1.1 Deposition chamber and vacuum equipment

Laser ablation and film growth experiments were carried out in a high vacuum stainless 

steel chamber o f approximately 15 litres volume. The chamber was pumped by a Pfeiffer 

TPH170 turbo molecular pump which was backed by a Leybold-Hereaus Trivac D8-BC 

rotary pump (the effective pumping speed was estimated^"* to be ~ 2/3 o f the maximum 

rated value). The ultimate vacuum which could be obtained in the deposition chamber 

was 2x10-6 mbar after ~ 8 hours pumping (without baking). Two pressure gauges were 

used to determine the background gas pressure during deposition; a Hastings HPM-2002- 

OBE wide range gauge measured pressures in the range 103 to 10-4 mbar (this is a dual 

sensor unit containing a piezoresistive direct force sensor and a thin film Pirani type 

sensor), whilst a Balzers cold-cathode “Penning” gauge was used to measures pressures 

below 10-3 mbar. The gas flow to the chamber was controlled by a Whitey needle-valve 

and the gate valve to the turbo pump was used to regulate the effective pumping speed of 

the system. Since it is almost impossible to exactly match the input and output gas 

throughput manually, there was a drift in the chamber pressure which was corrected 

regularly. This introduced an uncertainty o f ~ 10 % in the pressure readings, and the

This value was calculated by noting the rate at which the chamber pressure reduced from 0.1 to 0.001 
mbar. In this range, the gas flow regime is molecular and H2O desorption from the inner chamber walls has 
not yet become significant. In this regime, the pressure varies with time (/) as exp(-Qt/V). Thus, if  the 
volume ( V) can be approximated, the flow rate, Q, can be estimated (from the Pfeiffer turbopump 
instruction manual).
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specifications of the OBE dual sensor device quoted an accuracy ± 15 % for pressures in 

the range 10-3- 1 mbar.

High vacuum stainless
steel chamber Substrate 

& Heater

Gas in

Mirror

Typical laser 
intensity a t target 
~ 100 MW cm'^

i L

i L

KrF excimer laser
Vacuum

Lens

Aperture Rotating
target + Heater 

supply
Fig. 3.1 Schematic o f the basic PLD experimental setup (see text for details).

3.1.2 L aser specifications and beam delivery

A Lambda Physik MSC ENG 102 KrF excimer laser emitting a UV laser pulse (X,=248 

nm) with a full width at half maximum (FWHM) o f 26 ns was used throughout the work. 

The delivery o f the laser beam to the target was facilitated by two dielectric mirrors, a 

convex lens (f=30 cm) and view port (all fused silica, Suprasil II). The apparatus was 

reconfigured to prevent spillage o f molten Ga by delivering the laser beam from above 

the chamber, at an angle o f 45 ° to the normal o f the horizontal target surface. The 

average energy per pulse was measured using a Scientech thermopile Joulemeter, which 

was calibrated against a known electrical power input yielding a sensitivity o f 96 mV/W 

(the thermopile absorber disc absorbance was ~ 0.96). Taking into account the losses at 

the various optical components and at an aperture which was used to select a 

homogeneous portion of the laser beam, the maximum energy per pulse which could be
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obtained at the target was 140 mJ. There are a number o f aspects o f the fluence 

measurement which contribute to a relatively high associated error, including spot size 

resolution (-0 .2  mm in each dimension), and shot-to-shot variation in pulse energy. The 

total error in fluence measurement was typically 30 % and conservatively set at 40 % 

when using liquid targets due to the variation in the molten metal meniscus height.

3.1.3 Substrate heaters and temperature measurement

The heating elements used for all deposition experiments were SiN coated resistive 

heating plates, supplied by Kyocera. Substrates were attached to the heaters using 

conducting silver composite and the temperature measured using an Ultimax UX-20 

optical pyrometer (see figure 3.2).

P y ro m ete r | |

SiN H eater

CZl Silver paint

S u b stra te

Metal wire

~ T „

1100

p 1000

D

■8
8

900

800

2  700
iT

600 -

20 30 40 50 60 70 80
H eater voltage )

Fig. 3.2 Temperature calibration for SiN heaters. The schematic on the left illustrates the 
configuration o f the heaters and Si substrates indicating how the high purity metal drops 
once the melting temperature ( T m e i t )  is reached. The the calibration curve (temperature vs 
heater voltage) is plotted on the right.

This device incorporates a Si detector sampling at a wavelength o f 1 |im and is rated for 

measuring surface temperatures in the range 600 °C to 3000 °C. Since sapphire is 

transparent at the sampling wavelength^^. Si substrates were employed for substrate

25 An uncertainty exists regarding the object position when using a substrate which is transparent to the 
sampling wavelength, since it is unclear as to whether it is the substrate or heater surface which is being 
imaged.
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temperature calibration (the calibration was carried out at temperatures in excess o f ~ 700 

°C, in which case it was assumed that any native oxide layer had been removed 

[Watanabe et al., 1997]). The temperature readout was compared with the melting points 

o f high purity Al, Ag and Cu wires which were fixed horizontally to the heater edge with 

thermal conductive paint (the wires subsequently dropped upon melting). The accuracy o f 

temperature control was about ±10 °C; the variation primarily due to the heater voltage 

step size (~ IV). Taking into account the non-uniformities o f the temperature distribution 

over the heater area surface, it is likely that the substrate temperature measurement 

accuracy may be as poor as ± 20 °C.

3.2 Deposition requirements: targets, background gas and substrates 

3.2.1 Target choice and preparation 

3.2.1.1 GaN target preparation

Before pressing into pellet form and sintering to improve mechanical strength, GaN 

powder (99.99 % purity) was ground manually for I hour in a small quantity o f isopropyl 

alcohol, to reduce the powder mesh (grain) size^^ [Hampshire, 1986]. The targets were 

then hydraulically pressed at 250 bar before sintering for 12 hours at 700 °C in 1 bar of 

N 2 (which was the maximum gas pressure tolerance o f the sintering facility) to promote 

densification. Ideally, the powders should be calcinated to remove volatile impurities 

(H2 O, oxides), but temperatures in excess o f 1000 °C are required to remove oxides from 

group III nitride powders [Slack and McNelly, 1976], which would require a N 2 pressure 

in the sintering tube o f ~ 10 bar to prevent decomposition (see fig. 1.7). It was noted that 

sintering at 800 °C and higher temperatures in 1 bar N 2 resulted in gallium droplets on the 

surface o f the target. After the final sinter, the target volume was measured using 

callipers rather than via liquid displacement measurement (which would be unsuitable 

because o f the porous nature o f the target). The density o f the GaN target was calculated 

to be 3.3 g cm'^, which is just over 50% of the theoretical value (6.15 g cm'^).

Grinding (or ’•milling”) has been shown to increase target density upon pressing, though the maximum 
achievable density by hydraulic pressing is in any case limited to ~  60 % o f  the single crystal theoretical 
value [Hampshire, 1986].
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3.2.1.2 Gallium target preparation

Gallium  metal (99.99999 % purity) was supplied in shot form (pellets with a diam eter o f  

a few mm), and was melted in a polycrystalline fused silica cup. The cup o f  gallium  was 

then solidified on a water-cooled metal plate before being placed on a target holder 

( 3 16Ti stainless steel), in the deposition chamber. Care was taken to cool the targets 

slowly to obtain a flat surface (recall the problem s associated with supercooling o f  Ga, 

section 1.1.1). Before the main film deposition run, the rotating targets were ablated with 

~  500 shots to remove any surface oxide layers. During this pre-growth stage, the 

substrate was moved out o f  the deposition plume to avoid film contam ination.

3.2.2 N2 as a background gas

The bulk o f  the w ork described in this thesis relates to deposition in m olecular nitrogen. 

The use o f  N 2 as a background gas has a num ber o f  advantages over other environm ents; 

it is relatively inexpensive, non-toxic and com m ercially available to 99.9999%  purity. 

W hile oxygen-free nitrogen (99.999%  purity) was used for deposition in an N 2 

background, a higher grade (99.9999% ) was used in conjunction with the HCPEE plasm a 

source (section 3.3). A lthough the gas pressure was kept constant to within the 15 % 

variation outlined in section 3.1.1, a small N 2 flow was m aintained throughout the 

deposition run.

3.2.3 Substrates

The m ost w idely used substrate in GaN thin film growth is sapphire (AI2O3) because it 

has a hexagonal structure (like GaN), is stable well above GaN film growth tem peratures 

and in aggressive environm ents, and is o f  relatively low cost com pared with better lattice- 

m atched substrates such as SiC. The lattice and therm al param eters o f  sapphire (AI2O3), 

as well as the lattice mismatch with GaN, are listed in table 3.1. (000/) or c-axis sapphire 

(5 mm x5 mm xO.5 mm, ± 0.02 mm tolerance), was used for most o f  the growth runs 

with Si and GaAs used occasionally. For reflectivity m easurem ents, 1-side polished 

sapphire was used to avoid reflections from the backside o f  the substrate.
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AI2 O3 Units

Lattice parameter {a, c) 4.77, 13.04 A
Thermal expansion (a, c) 7.5, 8.5 xlO'^’ K ''

GaN lattice mismatch 16" %

Table 3.1 Lattice parameters and thermal expansion for sapphire (AI2 O3). Also included 
is the lattice mismatch with GaN in the basal plane (from [Strite and Morkoc, 1992], The 
mismatch with AI2 O3 is for a 30° in-plane rotation o f the film with respect to the substrate 
and was determined using the approach outlined in [Nakamura and Fasol, 1997]®.

Before being fixed to the heater with a conductive silver paste, the substrates were 

degreased in acetone and ethanol before being dried under a N 2 flow. For high 

temperature film growth, the substrates were out-gassed at ~ 500 °C for 20 minutes 

before each deposition run.

3.3 Plasma sources

A number o f discharge devices were implemented in the deposition setup to test their 

suitability for plasma-assisted PLD of GaN. In this section, the device dimensions and 

material specifications are given, with a more in-depth discussion on the operational 

features and plasma characteristics o f the sources presented in chapter 6.

3.3.1 “Small anode” glow discharge

This simple configuration is based on an original design by Miljevic [Miljevic, 1984], 

which consists o f a glow discharge cell mounted onto one o f the flanges o f the main 

deposition chamber (see figure 3.3). A Spellman high voltage power supply, with an 

adjustable current in the 0-300 mA range, was used to maintain the voltage (0-1 kV) 

across the electrodes (the anode was grounded). A ballast resistor (~1 kQ) with a high 

power rating (50 W), was also used to limit the initial surge o f current as the gas breaks 

down.
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D C. supply

W ater

cooling

A
Air cooling

Substrate

Target

Fig. 3.3 Schematic o f the final setup for the small anode discharge source. The 
blackened area represents the insulator used to separate the cathode (C) and anode (A). 
Although current supplied by the power source was internally limited, a ballast resistor 
(R) was also used to regulate the discharge current. The gas flow to the source was 
adjusted via a needle-valve flowmeter (F) and the pressure in the source was estimated 
using the readout from a pressure gauge (P).

The resistor was mounted on a water-cooled aluminium block using a thermally 

conductive paste to assist heat removal. Since the cathode becomes quite hot due to ion 

bombardment, it was also cooled but using a small electrical air fan.

3.3.2 Hollow cathode plasma electron emitter (HCPEE)

The hollow cathode plasma electron emitter (HCPEE, supplied by Electron Propulsion 

Laboratory, Inc^^) operates by accelerating electrons (which have been produced by 

thermionic emission) through a gas-filled pipe to a positively biased collector positioned 

just in front o f the exit o f the pipe. The source and all electrical feed-throughs were 

attached horizontally to the chamber via a single DN40 (CF) flange.

Electron Propulsion Laboratory, Inc., 1040 Synthes Ave., Monument, Co 80132, USA.
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Fig. 3.4 Schematic o f the HCPEE setup. The electrical connections to the source are 
supplied through 3 high voltage copper feed-through electrical plug connectors (labelled 
Ci,C2,K), with a separate connection to the gas pipe leading to the heating element 
(labelled H). Further details are given in chapter 6 (section 6.4).

The voltage and current requirements for this device are automatically controlled by an 

external power supply which has two operational settings; a pre-ignition “outgas” mode 

(to remove water vapour which might corrode the heating element) and the main high 

current “run” mode. The ion-electron emission characteristics can be modified by varying 

the gas flow rate (measured using a STEC SEC 4400 digital mass-flow controller) to the 

source or alternatively, by implementing a second biased extraction electrode (in this 

case, a grounded water cooled stainless steel circular pipe) down stream from the plasma 

je t (figure 3.4).

3.3.3 Pulsed discharge

A pulsed discharge, synchronised with the laser produced plasma was established by 

incorporating a charged ring electrode (diameter ~ 7 cm), placed between the target and 

substrate, in the deposition setup (figure 3.5). The ring was connected in parallel with a 

0.47 fiF capacitor, with one terminal grounded, which discharged through the deposition
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environment as the resistance to ground was reduced by the laser produced plasma. The 

discharge pulse was monitored noting the voltage drop across a small resistance (0.3 Q) 

in series with the capacitor. The circuit was completely encased in a grounded shielding 

and the ring was charged using a Spellman high voltage, current-limited electrical power 

source.

Fig. 3.5 Pulsed discharge setup. The limiting resistor, R, was 10 kQ, while a capacitor, 
C=0.47 |iF, was used to maintain the charge on the ring. A low value resistor, r (0.3 Q), 
was used to determine the discharge current.

3.4 Plasma and film growth characterisation techniques

3.4.1.1 Pulsed (Koopman) circuit

A simple RC “Koopman” [Koopman, 1971] circuit was used to monitor the pulsed 

current characteristics o f the laser produced plasma (figure 3.6a). Two types o f probe 

were used; a wire probe which was typically 4 mm long and 0.2 mm in diameter, and a 

“flat” probe i.e. the exposed face o f an electrode, typically 1 mm in diameter. The probe 

was connected to the response circuit using coaxial cable with a grounded outer cladding, 

and a double-ended BNC connector feed through. The load resistor was varied according 

to the amount o f charge collected by the probe; for high currents, the resistor was

±(0- 200)V , ,

substrate’

Electrode

T arget

Shielded casing

3.4.1 Langmuir ion probe
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decreased to satisfy the condition Vmax«Vbias, where Fmax was the peaii voltage dropped 

across the load resistor and Vbias was the bias voltage on the probe. The acquisition was 

triggered by the laser pre-trigger output, which is generated 1.56 |as before laser emission 

for the EMG MSC 102 excimer (see appendix llla).

Fig. 3.6 Schematic of pulsed response circuit used in conjunction with the ion probe. 

3.4.1.2 Smartprobe system

For characterisation o f the small anode and HCPEE plasma sources, a device known as 

Smartprobe was used in conjunction with software supplied by Scientific Systems. This 

device acquires current voltage (I-V) characteristics for the plasma by automatically 

sweeping the voltage over a user defined range. Ion and electron densities as well as ion 

temperatures are easily and quickly determined using this system, though it is at a test 

stage as regards use with laser produced plasmas.

lim iting '

Deposition chamber
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3.4.2 Reflectivity setup

A simple reflectivity technique was employed to monitor the film growth rate during the 

deposition process and was also used to calculate the refractive index o f the film at the 

wavelength o f the probe laser (see section 2.3.2 for theory details).

Substrate

Laser diode

Signal 
generator

Lock-in amplifier

► I  I

Reference
signal

Filter
Polarizer

A / ' PC

Photodiode

Fig. 3.7 Schematic o f reflectivity setup for monitoring thin film growth. The angle o f 
incidence was 25°. To avoid absorption by vapour deposits, the chamber view ports were 
protected by glass slides which were changed after each deposition.

The probe laser diode (^= 635  nm, FW HM - 10 nm), supplied by Coherent, was 

modulated at 12 kHz using an external TTL signal (Vpeak ~3V) generated using a simple 

555 timer circuit. A reference signal was also sent to an EG&G 5101 lock-in amplifier 

(see figure 3.7). The laser spot size on the substrate/film had a diameter o f  about 0.5 mm 

and the average light intensity at the substrate surface was ~ 0.2 mW. A large area (100 

mm^) Si photodiode, covered with a narrow band-pass filter (^o=635 nm) to limit the 

detection o f ambient light, was used to detect the reflected beam. The signal was sampled
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at the modulation frequency of the probe laser by the lock-in amplifier and acquired by a 

pc via an ADC card.

Care was taken to ensure that the substrate was fixed in the horizontal plane, and the 

angle of incidence was determined to be 26° ± 3°. The incident laser beam was polarized 

perpendicular to the plane of incidence (i.e. s-polarised) using dichroic sheets mounted on 

fine control rotating component holders (the polarisation axis of the sheets was checked 

using a calcite “Gian-Air” polarizer). Finally, the optical losses of the system due to 

reflection and absorption at the various optical components were measured, and the 

reflectivity calibrated with silicon and sapphire samples whose optical constants are well 

characterised at this wavelength [Lide, 1998].

3.5 Post growth film characterisation

3.5.1 X-ray diffraction (XRD)

3.5.1.1 Diffractometer specifications

The primary post-growth film characterisation technique used in this work was XRD, 

with the diffraction measurements being carried out using a Siemens Diffrac 500 

diffractometer. This device can operate in the 6-26 and w (rocking-curve) modes, and the 

minimum goniometer step size is 0.002° and 0.001° for each of these two modes, 

respectively. The accelerating tube in the diffractometer was a Kristallofiex 710 model, 

which generated Cu Kai and K„2 radiation (the effective wavelength of the X-ray source 

was 1.541845 A [ICDD]). Low intensity Cu Kp radiation is also generated as are W (L 

series) lines, over time, as sputtered material from the tungsten filament (cathode) builds 

up on the anode. Both the Cu Kp and W L lines can be absorbed by a Ni filter (Acuto/f 

=1.488 A), placed in front of the detector, but this tends to reduce the count rate 

considerably. The angular resolution of the diffractometer in the standard slit 

configuration, (recommended for powder or polycrystalline thin film samples), was 0.15°.
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3.4.1.2 Diffraction analysis

The majority of XRD measurements were carried out in tiie 6-26 mode, over the 26 range

(30° to 45°). Diffraction peaks corresponding to the GaN (0002), (1010) and (1120) 

plane faces can be observed in this range (table 3.2), which indicates whether the lattice 

planes are aligned parallel, perpendicular or diagonally (or in a combination of 

directions) with respect to the c-axis sapphire substrate (a peak corresponding to the 

sapphire {000/} family of planes is also found in this range). Note that these planes are 

given in 4-coordinate Miller index notation (/?, k, -{h+k). I), corresponding to the 

hexagonal crystal structure. The plane spacing dhu, and diffraction angle^*, 6b, are related 

through the Bragg condition for constructive interference of X-rays by planes o f atoms:

2d,uS\ne„^n?i^  (eq. 3.1)

Here, Ax is the wavelength of the incident X-radiation and n (=1,2,..) denotes the 

diffraction order. The plane spacing, t/^ a n d  donh, for hexagonal (e.g. GaN, sapphire) and 

orthorhombic (e.g. Ga) crystal structures, respectively, are given by:

1 A(h^+hk + e )  P 1 ĥ  k̂
= ^ =  — + T7 + —  (eq-3.2)

d ie . 3 a' c' d l „  a ^  c'

In the above expressions, a, b and c are the lattice parameters along the three orthogonal 

axes with the c axis conventionally assigned as being perpendicular to the sample plane. 

The expected 26 positions of a number of relevant peaks for Cu Ka diffraction o f GaN, 

Ga and sapphire (AI2 O3 ) as listed by the [ICDD], are given in table 3.2. Incidentally, 

while the relative diffraction intensities^^ for randomly distributed powder diffractions of 

these materials are widely available [ICDD], similar relations for preferential growth (e.g. 

in thin film growth on a suitable substrate) are not. Such intensity distributions require

By convention, the incident angle 0 is defined as the angle in the plane o f  incidence between the incident 
beam and the surface plane, rather than the surface normal (as in visible optics).

The diffraction intensity is described by assigning an atomic scattering factor and crystalline structure 
factor to the material under inspection. The former quantity accounts for scattering by electrons in 
individual atoms, while the latter accounts for intensity contributions due to the symmetry o f  the lattice.
For a detailed discussion, see chapter 2 [Kittel, 1996].
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extensive com putation (p.30, [Kittel, 1996]), and w ere not undertaken for this work. 

Therefore, no quantitative analysis o f  the concentration o f  the various crystalline 

com ponents w ill be inferred from X R D  measurements.

Material h k 1 2D

GaN 1 0 0 32.45

GaN 0 0 2 34.65

GaN 1 0 1 36.92

Ga 1 1 1 30.24

Ga 1 1 3 45.34

Ga 2 0 0 39.89

A I 2 O 3 0 0 6 41.68

T ab le  3 .2  R elevant first order 20  peak positions for G aN, Ga and sapphire (AI2O 3).

The crystalline quality o f  the film  can be related to the full-w idth at half-m axim um  o f  the 

diffraction peaks ( ) ,  measured in the 0 -20  m ode, using the Scherrer relation 

([C ullity and Stock, 2001],p p l67-170):

T -  — --------  (eq. 3.3)

Here, r is the crystalline grain size corresponding to a particular set o f  lattice planes with  

associated Bragg angle =  9b . It is important to note that measured FW HM  o f  peaks 

associated with film  diffraction must be corrected for noting the resolution o f  the 

diffractom eter. A  consistent method o f  obtaining accurate grain sizes is to note the 

FW HM  o f  the single crystal substrate peak (Asapp) in each measurement and the corrected 

FW HM  o f  any GaN peaks (A -̂) is then determined by the de-convolution o f  the tw o  

Gaussian peak profiles [Thom e et al., 1999]:
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The uncertainty^^ associated with a thin film XRD measurement is primarily linked to the 

substrate alignment with respect to the goniometer axis. Therefore, a short range scan to 

confirm the position o f the substrate peak (as a guide to the accuracy o f the alignment) 

was carried out before proceeding with main measurement.

3.4.2 Surface characterisation

A number o f characterisation techniques were used to characterise the surface properties 

o f the films after deposition. Initially, the films were studied under an optical microscope, 

which provided a simple method o f  identifying the macroscopic surface quality o f  films 

on a sub mm scale and was particularly useful for comparing the droplet or particulate 

concentrations between samples.

Step
Substrate

Film

Mask

(tantalum)
Plasm a
plume

Target

substrate

Profilometer printout

Figure 3.9 Schematic o f masking setup for film thickness measurements (left). The 
height difference between the film and substrate was measured using a surface 
profilometer. The profile on the right shows a scanned image o f a profilometer readout. 
For this particular measurement, the vertical setting on the profilometer was 0.2 |im per 
division which yielded a step height o f  (0.90±0.05) |im (the thickness measured by 
reflectivity for this film was 1.02 |am).

The error varies with angle as cos‘0/sin6 ([Cullity and Stock, 2001]p.366).
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The second technique employed to characterise the surface structure o f  films was surface 

profilometry. This technique was primarily used to determine the thickness o f  films 

deposited using a mask to prevent deposition on part o f  the substrate. The mask consisted 

o f  a high purity tantalum^' strip which was attached to the substrate heater and positioned 

such that it lay just above the surface o f one end o f the substrate. The profilometer 

measured the height o f  the step created by this masking process, and the measurements 

were compared with thickness values determined by optical reflectivity.

Finally, some o f  the film and target surfaces were imaged using a Hitachi S-3500N 

scanning electron microscope (SEM) at the Centre for Microscopy Analysis, TCD. The 

SEM was operated in variable pressure (VP) mode, which allows analysis o f  non­

conducting samples without having to apply a conducting coating (the resolution in this 

mode was ~ 10 nm).

3.4.3 Compositional analysis: ED AX

The high energy electron beam produced by the Hitachi S-3500N apparatus used in SEM 

imaging allowed Energy dispersive Analysis by X-rays (EDAX) to be carried out on 

some o f the targets and films. The sampling depth for EDAX depends on the composition 

o f  the material under investigation (and o f course the electron acceleration voltage). 

Generally speaking, the X-ray penetration depth (and thus sampling depth) is less for 

heavier (high Z) elements. In any case, the depth is no more than a few microns, so the 

technique is essentially one o f surface characterisation when characterising with PLD 

targets. However, the relatively high nitrogen background pressure associated with VP 

mode and low X-ray yield for lighter elements renders the technique unsuitable for 

quantitative analysis o f the nitrogen component in nitride films. Accurate quantitative 

EDAX analysis o f  thin films is limited by a certain substrate contribution, since the 

sampling volume is typically a few |im^ (the X-ray absorption depth is greater than 1 |im 

for most crystalline solids; see for example appendix 8 [Cullity and Stock, 2001]).

To limit contamination o f  the film with material sputtered from the mask by the energetic plume, a stable 
metal or ceramic mask should be used. Tantalum is suited to this environment as it has a comparatively 
high ionisation threshold, is chemically very stable and has a melting temperature > 3000 °C.
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The high energy electron beam produced by the Hitachi S-3500N apparatus used in SEM 

imaging allowed Energy dispersive Analysis by X-rays (EDAX) to be carried out on 

some o f  the targets and films. The sampling depth for EDAX depends on the composition 

o f  the material under investigation (and o f  course the electron acceleration voltage). 

Generally speaking, the X-ray penetration depth (and thus sampling depth) is less for 

heavier (high Z) elements. In any case, the depth is no more than a few microns, so the 

technique is essentially one o f surface characterisation when characterising with PLD 

targets. However, the relatively high nitrogen background pressure associated with VP 

mode and low X-ray yield for lighter elements renders the technique unsuitable for 

quantitative analysis o f the nitrogen component in nitride films. Accurate quantitative 

EDAX analysis o f  thin films is limited by a certain substrate contribution, since the 

sampling volume is typically a few jim^ (the X-ray absorption depth is greater than 1 jam 

for most crystalline solids; see for example appendix 8 [Cullity and Stock, 2001]).
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4. PLD of GaN using a ceramic GaN target

4.1 Introduction

In recent years, PLD has emerged as a suitable film growth technique for the preparation 

o f  wide direct bandgap semiconductors such as GaN and AIN [Feiler et al., 1997; Vispute 

et al., 1999], which have become extremely important materials for display lighting and 

high frequency electronic applications [Jain et al., 2000], An attractive feature o f  the PLD 

technique is the apparently high degree o f stoichiometric transfer form target to film, thus 

making it potentially suitable for group-III nitride growth, where the high melting 

temperature has limited the use o f other crystallisation techniques which grow from the 

melt [Porowski and Grzegory, 1997]. However, decomposition and metallization o f the 

target surface has been reported in ablation o f AIN [Hirayama et al., 2001; Ristoscu et al., 

2003] and GaN [Kelly et al., 1996; Chu et al., 2001] samples using ns laser pulses. While 

a number o f groups have studied the plume composition in AIN target ablation using 

spectroscopy [di Palma et al., 1995; McKieman and Mosnier, 2002], the extent o f  the 

decomposition or target stoichiometry after ablation has not been reported (though the 

nitrogen fraction in ns laser ablation plumes o f AIN targets is estimated to be as high as 

0.8 [di Palma et al., 1995]). The effect o f such non-stoichiometric ablation on film 

properties been not been reported either, although it seems clear that high quality GaN 

growth by PLD requires a nitriding background (films grown in high vacuum or UHV 

have low growth rates, are heavily n-doped and are o f  comparatively poor structural 

quality [Cole and Lunney, 1997; Feiler et al., 1997]).

Since control o f  the film stoichiometry is essential in order to obtain single crystal grow1;h 

and for electrical doping, there is a need i) to establish a means o f quantifying the film 

stoichiometry during growth and ii) to identify the deposition conditions leading to full 

stoichiometric growth. This work is concerned with identifying such deposition 

requirements using an electrical probe to map the dynamics o f the ionic component o f  the 

plume and optical refiectometry to monitor the growth rate and optical properties o f the 

thin films during growth.
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4.2 Experimental approach

A s indicated in the thesis introduction, the range o f  background gas pressure and fluence 

under investigation is based on previous observations and reports o f  PLD o f  GaN using 

GaN targets. In general, the fluence used for GaN film growth with the nitride (GaN) 

target has been considerably less than that used with the m etal (Ga) target (next chapter). 

However, there seem s to be a m inim um  fluence requirem ent o f  ~  2 J cm'^ [Cole and 

Lunney, 1997; Feiler et al., 1997; Vispute et al., 1999], which is well above the 

previously reported ablation (and m etallization) threshold for GaN o f  ~  400 mJ cm'^ 

[Kelly et al., 1996; Tavem ier and Clarke, 2001]. Therefore, the ablation characteristics at 

1 J cm'" and 2.5 cm'^ were investigated, to deduce whether there is a considerable change 

with fluence in the ablation yield or plume energy. With regard to the background gas 

pressure, a survey o f  the literature reveals that growth with the ceram ic target in N 2 is 

typically carried out at 0 .0 1 -0 . 1  m bar (the pressure is in general an order or tw o o f  

m agnitude lower when using m ore reactive environm ents such as N H 3 , see for exam ple 

[Cole and Lunney, 1997; Feiler et al., 1997; Huang et al., 1999; V ispute et al., 1999]).

Ablation and deposition experim ents were perform ed using a sintered, pressed GaN 

pow der (99.99% ) pellet which was ablated with 248 nm, 26 ns laser pulses (the target 

preparation m ethod is discussed in section 3.2.1). The laser spot size at the target surface 

was (4x 1) mm^ and the targets were ablated with approxim ately 6000 shots while being 

rotated at ~  50 rpm. Experim ents were carried out in three N 2 background gas pressures; 

10’'' m bar (high vacuum), 0.05 m bar and 0.1 mbar, and at a fixed target-substrate distance 

o f  4 cm. M ass loss was measured using an AX26 M etier Toledo m icrobalance, w hich had 

a m easurem ent accuracy o f  2 |ig. A negatively biased (-30 V) flat (exposed probe area =

4 mm^) Langm uir ion probe was used to m onitor the ion characteristics o f  the ablation 

plum e along the target normal, w hile the reflectivity o f  the films was m easured at 635 nm 

(0i = 25°) using the reflectivity setup outlined in section 3.3.2.
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4.3 M ass loss m easurem ents and model com parison

Before discussing the mass loss data, it is worth considering some observations relating 

to the target properties after ablation. It was noted that the ablated region o f the surface 

had a metallic-greyish appearance, which is presumably a gallium-rich layer. The 

scanning electron microscope (SEM) images o f the target surface before and after 

ablation presented in figure 4.1 show quite an amount o f surface structure and micron 

size particulates, which invariably leads to particulate accumulation in the films. The 

shape o f the particulates in the ablated target is noticeably different to those o f  the fresh 

target, in that they appear spherical, rather like those observed in hydrodynamic 

sputtering o f metal targets [Kelly and Miotello, 1994].

0 :0 :^ 3 6  w :,2 2 .  2mm :^C.ClcV x iO O  lO o u a0 1 8 9 3 8  W D 20 .0 irw  2 0 .0 k V  jtSOO lO u u m

Fig. 4.1 SEM images o f a pressed, sintered GaN target (left) and a target ablated with ~ 
10000 shots (right). The imaged area in both scans was approximately (200 |j,m x 250 
|im). Also included (inset, right) is an image o f the edge o f the laser track on the target 
showing the ablated (grey/ metallic region).

Figure 4.2 shows the mass loss vs fluence for GaN target ablation indicating an ablation 

threshold o f less than 100 mJ cm'^. Also included is the mass loss predicted by the model, 

using a surface reflectivity o f 0 (dashed line) and 0.3 (dotted line), the latter being the 

maximum value o f  reflectivity for single crystal GaN at 45° incidence (see figure 2.5). 

There is significant discrepancy between the measured data and the model even when a 

value o f zero is assigned to the surface reflectivity. Although the photoabsorption term 

drastically affects the predicted mass loss once the threshold is significantly exceeded
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(compare solid line with dashed/dotted lines), it has little effect on the value o f the 

threshold itself (this is because the vapour density is still comparatively low).
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Fig.4.2 Mass loss (scatter points, left axis) for ns ablation o f  a GaN target (spot size =
(4x 1) mm^). Also included is the mass loss predicted by the model for reflectivity o f 0.3 
(dotted line) and zero (dashed line) using a value o f 10“'^ cm^ for the photo-absorption 
cross-section. The mass loss predicted by the model ignoring plasma absorption and 
using a reflectivity o f zero is represented by the solid line. The corresponding ablation 
depth determined from the measured mass loss and using a density o f  3.3 g cm'^ (section
3.2.1.1) is given by the right-hand axis.

Other sources o f error might include the thermal conductivity o f the target (a value o f  0.3 

W cm K ’ was used noting the results for pressed InN powder pellets [Krukowski et al., 

1998]) or the target density (3.3 g cm'^ was used), but both o f these terms are under the 

square-root in the surface temperature expression (eq. 2.1) and, as such, should not 

account for such a considerable disagreement. It is likely that the discrepancy lies in the 

description o f  the ablation process itself. Either the evaporation rate is underestimated by 

Munir and Searcy’s flux data (figure 1.6), or ablation is dominated by material removal 

processes other than thermal evaporation (e.g. exfoliational sputtering, see section 2.2.1). 

The latter is to be expected, especially since the targets were not sintered at temperatures 

high enough to reduce the void content or the defect density significantly (section

3.2.1.1). The total number o f particles ablated per shot can be estimated from figure 4.2.
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At 2.5 J cm'^, the mass loss (1.5-2 |j,g) corresponds to a total of ~10'^ GaN molecuies^^ 

removed per shot (or ~10’̂  cm'^ per shot) assuming that the ablation is almost congruent. 

Since the surface appears Ga rich after ablation, a more likely scenario is that laser 

heating leads to preferential ablation of nitrogen, in which case the number of ablated 

particles may be several times greater than this estimate (the molar mass o f Ga is ~ 2.5 

times that of N2).

4.4 Ion probe measurements

4.4.1 Vacuum expansion

The decrease in ion flux with distance is illustrated in figure 4.3. One might expect that 

for an expansion from a point source, the flux should fall off as (1 /d f where d  is the 

distance to the source.
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Fig. 4.3 Ion flux vs distance from the target (along the target normal) for GaN target 
ablation at 2.5 J cm'^ in vacuum (~ 10'  ̂mbar). This is the total integrated ion flux per 
shot, passing the probe (a log-log plot of the data is presented on the right). The 
integrated ion flux as a function o f laser fluence is also plotted (inset, left) indicating an 
ionisation threshold o f ~ 0.2 J cm'^.

The molar mass o f  Ga and N is 69.7 g mol'' and 14.0 g mol"', respectively.
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However, approximating the expansion to that o f a point source is perhaps only 

reasonable when d »  Xmax, where Xmax is the maximum spot dimension (4 mm). In any 

case, a log-log plot o f this data reveals that the exponent is slightly less at 1.86. Most 

importantly from a film  growth point o f view is that the integrated ion flux at the 

substrate position (4 cm) at is ~ 5x lO'^ cm'^ per shot for a fluence o f 2.5 J cm'^. The 

threshold for detection o f an ion current by the probe in laser ablation o f GaN targets is 

included as an inset in figure 4.3, indicating an ionisation threshold o f less than 0.2 J cm' 

The angular distribution o f the integrated ion flux about both laser spot axes is 

presented in figure 4.4. The measured data was fitted with the Anisimov model (eq.2.3a) 

which yielded values o f 1.8 and 2.3 for ka and kb, respectively (recall that the ‘V ’ values 

are the asymptotic ratios o f the orthogonal axes o f the plume, see section 2.3.1 for 

details). The “ flip-over”  effect (where the plume expands more quickly about the shorter 

spot dimension), associated with non-circular laser spots [Anisimov et al., 1993], is 

evident from this plot (i.e. kb> ka).
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Fig. 4.4 Angular distribution o f the ion flux measured 4 cm from a GaN target ablated in 
high vacuum at 2.5 J cm ". The data is normalised to the flux value at the normal (0=0) 
position. The lines represent the fit to the measured values using equation 2.3b.

Assuming only singly charged ions were detected by the probe, the total number o f ions 

in the plume was determined (using equation 2.3b) to be (2 ± 0.8) x lO'^ which is
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approximately (10-20) % of the total number of ablated atoms calculated in section 4.3 

(though the actual value may be somewhat lower, depending on how accurate the total 

ablation number calculation of section 4.3 is). The variation o f the ion kinetic energy for 

the maximum ion flux with laser fluence is presented in figure 4.5. As the fluence is 

increased above a few J cm'^, the ion energy appears to saturate, indicating that the 

increased energy input maybe channelled into higher order ionisation processes, as 

reported previously in spectroscopic studies on laser ablation o f Ga and GaN targets 

[McKieman and Mosnier, 2002]. Also included is the ion energy distribution calculated 

from the probe signals using equation 2.12, indicating a mean energy of 10 eV and 20 eV 

for a fluence o f 1 J cm'^ and 2.5 J cm'“, respectively (see section 2.2.3 for details of the 

distribution function).
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Fig. 4.5 (a) Variation of the Ga^ ion energy (maximum ion flux) with laser fluence, for 
GaN target ablation in high vacuum (left), (b) Ion energy distribution, N(E), calculated 
from TOP spectra for two of the fluences (1 and 2.5 J cm'^) with arrows indicating the 
mean energy for the distributions.

The kinetic energy associated with the neutral component o f the plasma plume has not 

been measured, and while a number of groups have used visible [Pronko et al., 1999] and 

vacuum ultra-violet [McKieman and Mosnier, 2002] emission spectroscopy to 

characterise GaN laser ablation plumes, little data is available with regard to the plume 

dynamics associated with laser ablated GaN targets. However, in ns ablation of AIN 

targets [Santagata et al., 2003], the TOP of the maximum neutral flux was found to be
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approximately 2.3 times greater than that o f  the ion flux, which corresponds to reduction 

in the kinetic energy by about a factor o f 5.

4.4.2 Background gas measurements

Figure 4.6 illustrates the variation o f the ion TOF signal with background gas (N2) at 4 

cm from the target using a fluence o f 2.5 J cm' .̂ Following the discussion in section 

12.1 .1 , one expects that as the gas pressure is increased some or all o f  the ablated 

material collides with the gas resulting in an increase in the arrival time o f some o f  the 

ions to the probe. This generally occurs when the mean-free path o f the ablated particles 

in the gas is reduced to less than the target probe separation (~ cm) [Wood et al., 1998]. 

A “splitting” o f  the ion signal would also be expected corresponding to these two groups 

o f  ions. However, in figure 4.6, splitting o f the ion signal is somewhat unclear and at no 

stage are the peaks clearly resolved. Similar behaviour has been reported for Si ablation 

in He, and was attributed to the low mass o f the background gas particles (i.e. since 

w//e=4 a.m.u., the assumption o f fixed scattering sites is somewhat unjustified).
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Fig. 4.6 Ion TOF signals at 4 cm for GaN target ablation in high vacuum and various 
background gas pressures o fN 2 for a laser fluence o f  2.5 J cm' .̂ The data is also plotted 
on a log scale (right) to allow easier identification o f the “first” peak, with the inset 
showing the peak reduction with pressure on a natural log scale.
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Despite the uncertainty associated with the position o f  the first peai^, the value o f  Vmea at 

the various pressures for a fixed time (indicated by the arrow in figure 4.6) was estimated 

and plotted on a natural log scale (inset in figure 4.6). The slope o f the plot was used to 

determine the scattering cross-section (section 2.2.2.1), which was calculated as 3><10''^ 

cm^ (this is o f the same order as the value estimated for the cross-sectional area o f  an N 2 

molecule in section 1.1.5). At 0.1 mbar, this corresponds to a mean-free path for Ga ions 

in the background gas of:

^„ = ] /  = f2.4xlO'^cw  ̂ x 3 x  10 = 1.4/w/m

The TOF signals for ablation in O.l mbar N2 were then acquired at increasing distances 

from the target, and the distance vs TOF o f  the second peak in these signals is plotted in 

figure 4.7(a).
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Fig. 4.7 (a) Distance vs time o f  flight (scatter points) and velocities o f  Ga^ ions 
(maximum ion flux) in 0.1 mbar N 2 (left). The dotted and dashed lines are fits to the 
distance vs TOF data for ablation at 1 Jcm'^ and 2.5 J cm'^, respectively, (b) Variation o f 
the ion energy associated with the maximum ion flux with distance from the target in 0.1 
mbar N 2 .
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From this data, the velocity profiles (dashed and dotted lines) were determined by fitting

.T hethe distance vs TOF o f  the second peak with equation 2.6b v = i
y dt j

variation in the ion kinetic energy with distance from the target, simply calculated

as^w,„„v^ (assuming only singly charged Ga ions were detected), is shown in figure

4.7(b). While the reduction in ion energy indicates that the plume has been slowed by the 

background gas, the extent to which this interaction has resulted in activation (i.e. 

excitation or dissociation) o f the background gas is not immediately evident. However, it 

may be possible to identify the minimum energy requirements for activation by 

considering the nitrogen energy level diagram presented in figure 1.4 [Newman, 1997]. 

Although the dissociation o f molecular nitrogen into ground state atomic nitrogen {N (‘‘S) 

+ N (^D)} requires 9.8 eV per molecule to break the strong triple N;N bond, there are also 

a number o f excited states o f molecular nitrogen with lower potential energies with 

respect to the ground state, the lowest o f which is about 6 eV. In the absence o f other 

chemical or electronic activation mechanisms, this value can be set as an absolute 

minimum energy requirement for activation o f the background gas. Taking into 

consideration the data presented in this section, the region for activation would be greatly 

limited to within 3 cm of the target.

4.5 Film growth on unheated substrates

GaN growth on heated substrates facilitates crystallisation and promotes preferential 

growth along a particular direction with respect to the crystal axes o f the substrate. 

However, the increased temperature gives rise to evaporation and reactions leading to the 

formation or decomposition o f compounds at the substrate with the result that 

information regarding the type and amount o f material initially deposited on the substrate 

can be lost. For this reason, the properties o f films deposited on unheated or room 

temperature (RT) substrates were first studied with the aim of relating the material 

properties with the deposition conditions prior to any substrate heating effects
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4.5.1 Overview of reflectivity data

Figures 4.8 and 4.9 show the s-polarised reflectivity for films deposited on sapphire 

substrates using a GaN target at 1 J cm '  and 2.5 J cm'^, respectively. The variation is 

plotted against shot number (i.e. the number o f laser shots fired at the target), and in all 

cases the repetition rate was 5 Hz, while the target-substrate distance was maintained at 4 

cm. It is interesting to note that films grown in high vacuum (10'^ mbar N 2 ) show 

significant damping o f the reflected amplitude with increasing thickness, while for the 

films grown in 0.05-0.1 mbarNa, the damping effect is barely noticeable. The high 

vacuum trace is typical of a poor metal or absorbing dielectric (p.757, [Bom and Wolf, 

1999])^^, indicating that some free metal (presumably gallium) is present in the films.

The traces for growth in 0.05 mbar and 0.1 mbar N 2 show significant changes in 

comparison with the high vacuum case in that the oscillation amplitude remains fairly 

constant with thickness (except for growth at 1 J cm'^ in 0.05 mbar N 2 ). They no longer 

appear to be strongly absorbing at the probe laser wavelength (635 nm) indicating that the 

free gallium fraction in the films has been reduced significantly by using an N 2 gas 

pressure o f ~ 0.1 mbar. The behaviour o f the reflectivity trace at 1 J cm'^ in 0.1 mbar N 2 

is somewhat puzzling, but it seems to indicate that the growth mode has changed 

considerably after the first 3000 or so shots. At this lower fluence and relatively high 

background gas pressure, the energy o f the plume reaching the substrate is greatly 

reduced, and the film may have a considerable void fraction due to the formation o f 

clusters and poor surface mobility in the absence o f substrate heating.

”  The imaginary component o f  the electrical permittivity, and thus the extinction coefficient, is strongly 
dependent on the electrical conductivity o f  the material. See for example, chapter XIV in [Bom and Wolf, 
1999].
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Fig. 4.8 In-situ reflectivity traces for film growth using a GaN target w ith a laser fluence 
o f  1 J cm'^. The m easured reflectivity (circles) was fitted with the model (solid line) 
outlined in chapter 2. Note that the y-axis (Rs) scaling is different for each panel. The 
trace for 0.1 m bar (bottom) was not fitted as the growth rate appears to change 
dram atically after the first 3000 or so shots.

It is im portant to note that while films grown in N 2 show  little absorption at 635 nm, as 

would be expected for single crystal GaN (A:<0.001, table 1.1), the am plitude o f  

oscillation suggests that the refractive index differs considerably from the values listed in 

table 1.1 (alternatively, see figure 1.3). The reflectivity trace for single crystal GaN 

w ould be expected to oscillate between ~  0.1 and 0.3 (figure 2.8), w hereas for these films 

deposited in N 2 , the trace m axim a are considerably less.
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Fig. 4.9 Reflectivity signals for film growth using a GaN target with a fluence o f 2.5 J 
cm'^. As in figure 4.8, the y-axis has been varied for clarity and the range is different for 
each panel. Unlike growth at 1 J cm‘̂ , the gas pressure does not appear to have such a 
drastic effect on the oscillation period (i.e. the growth rate).

With regard to the surface roughness o f the films it seems the introduction o f a 

background gas does not appear to greatly alter the roughness values deduced from the fit 

to the reflectivity traces. At 1 J cm'^, the reduction in roughness associated with an 

increase in gas pressure o f 10'^ to 0.05 mbar was comparatively small (25 nm to 21 nm), 

indicating that the particulates contributing to the observed roughness are much more 

massive than the gas molecules and are little affected at these pressures (as seems to be 

the case from the SEM images in figure 4.10). Rather surprisingly, the films grown at 2.5 

J cm'^, with roughness values o f 15 nm or less, appear to be smoother than those grown at 

1 J cm'^.
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i2 .0 k  20um

Fig. 4.10 SEM images o f films grown from GaN targets in 0.05 mbar N 2 at 2.5 J cm'^. 
The image on the left is for a film grown on an unheated substrate, while the film on the 
right was deposited at a substrate temperature of 750 °C. The imaged area is 
approximately (60x50) |im^ (note: the darker appearance o f the right hand image is 
purely due to the contrast setting during image acquisition).

4.5.2 Fitting the reflectivity data

The reflectivity traces in figures 4.8 and 4.9 were fitted with the model outlined in section 

2.3.2.3, which allowed the n and k  values for the film to be determined. It was also used 

to estimate the free gallium fraction in the films, using the Bruggemann analysis 

(2.3.2.2), assuming the permittivity o f the components in the films is known. However, 

considering the qualitative observations of the previous section, it appears that the optical 

properties o f the films differ considerably from single crystal GaN, indicating that the n 

and k values listed in table 1.1 are unsuitable input parameters for the reflectivity model. 

To simplify the problem somewhat, a number o f assumptions will be made at this point:

i) The films comprise a mixture o f two components: amorphous GaN and Ga metal. 

The permittivity is then determined using the Bruggemann relation for two 

component mixing.

ii) During deposition, any Ga in the films is in a liquid state. Correspondingly, the 

permittivity can be determined using the values o f n and k  listed in table 1.1

BSEl 13-NOV-03 31368 WD14. 9mm k !CkV x 2 . Qk 20um BSEl 1 3 -N ov-03  31369 WD14. 9mm 2 0 !o k v ‘
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iii) The extinction coefficient (k) for any GaN in the film is low (< 0.01) at this 

wavelength (635 nm). This assumption simplifies the fitting procedure, as the 

effective value o f k  is then primarily determined by the Ga fraction^^.

The first assumption is not unreasonable, since it appears from X-ray diffraction analysis 

that the films are amorphous (figure 4.11). During deposition, any Ga is likely to be in a 

liquid state once the laser produced vapour condenses on the substrate (recall that the 

melting point is 29.8 °C). Finally, the extinction coefficient at 635 nm for any GaN in the 

mixture is likely to be quite low, since the bandgap for amorphous GaN is reported to be 

3.9 eV [Nonomura et al., 1996] which is well above the probe laser energy o f 1.95 eV 

(the bandgap o f hexagonal (3.5 eV) and cubic (3.3 eV) GaN [Strite and Morkoc, 1992] 

are also well above this energy).
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Figure 4.11 XRD scan o f films grown on sapphire at room temperature. The intense peak 
at 2 ^  =41.65° is due to the sapphire substrate while the low intensity peak, observed at 
29.3°, is as yet unidentified but it does not correspond to any o f the known GaN or Ga 
phases (see table 3.2).

Table 4.1 contains the parameters determined from the fit (solid lines) to the reflectivity 

data in figures 4.8 and 4.9 for the various laser fluences and background gas pressures

The approximation that the effective k  value is primarily determined by the Ga concentration breaks 
dow n as the Ga fraction reduces to ~  0.01 and below . In this case, the effective  k  value w ill be o f  the same 
order as the GaN k  value (recall figure 2.7). Therefore, w hile this approximation is required, a value for the 
G a concentration can only be inferred w hen the fraction is o f  the order o f  0.1 or more.
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investigated. For film s which w ere not easily scratched, the thickness (and thus growth 

rate per shot) w as confirmed by measuring the film  step height with a surface 

profilom eter (see  section 3.4.2 for experimental m ethod). In all cases, the thickness 

measured by the profilometer w as within 15% o f  the value determined from reflectivity  

measurem ents. The results in table 4.1 em phasise the role played by N 2 background gas 

in determining both the growth rate and stoichiom etry o f  the film s. H ow ever, w h ile a 

background gas pressure o f  ~  0.05 N 2 is adequate to reduce the free gallium  content 

considerably, the growth rate is greatly limited by the pressure increase when a fluence o f  

1 J cm'^ is used.

4.5.3 Deposition rates

In order to calculate the deposition rate at the substrate, the film  density w as required, 

and for these film s, it w as assum ed that the m ass density o f  these film s, ppum, w as a 

w eighted average o f  densities o f  Ga {pca) and GaN {poaN)^^, i.e.

PhUm =  fo aP ao  + (• -  fo a  )PoaN ‘ The deposition f\\xx jd ep , can then be expressed in terms 

o f  the growth rate, Sfum,, as:

_  1 ^ fi lm  P F ilm  ^ A v

M ,„ „

Here, N av is A vogadro’s constant and Ce is the evaporation coefficien t for particles 

arriving at the substrate (i.e. ratio o f  number o f  particles which condense to number 

w hich are deposited). The molar m ass o f  the film , Mpum, like the mass density, w as 

assum ed to be a w eighted average o f  the molar m asses o f  Ga and GaN using the 

calculated gallium  fraction,/go. The average deposition flux at 10 Hz for Ce=0 is listed in

In any case, the  d ensities o f  G a and G aN  are qu ite  c lose, particu larly  i f  G a  is liqu id  (see  tab le  l . I ) .  
S im ilarly , th e  e ffec tiv e  m olar m ass o f  th e  film  w ill on ly  d iffer g reatly  from  th a t o f  G aN  w hen  fc a  is o f  the 
o rd er o f  0 .1 , in w h ich  case  spu ttering  m ay play  a  s ig n ifican t ro le  and the  deposition  flux  calcu la tio n  is 
lim ited  by th e  uncertain ty  in the  evapora tion  coeffic ien t (i.e. in h igh vacuum ).
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table 4.1. (for com parison with the decom position flux o f GaN determ ined by N ewm an, 

see figure 1.6).

foa.F P rieff keff nO aN ^ilm
-2\ cm ) (mbar) (nm /shot) (cm'^ s '')

1 10'^ 2.5±0.1 0.20±0.05 1.90±0.1 0.18±0.03 7.8 ± 2 .3

1 0.05 1.95±0.05 0.04±0.02 1.95±0.0 0.06±0.01 2.4 ±0.8

1 0.1 < 2 <0.01 < 2 - -

2.5 10'^ 2.40±0.05 0.164 1.95±0.0 0.14±0.02 5.6±1.7

2.5 0.05 2.00±0.05 <0.01 2.00±0.0 0.18±0.03 7.8 ±2.3

2.5 0.1 1.85±0.05 <0.01 1.85±0.0 0.16±0.02 6.4±1.9

0.1±0.03

- 0.02

0 .U 0 .0 3

<0.01

< 0.01

T ab le  4.1 Optical constants, film growth rates and deposition flux determ ined from the 
fit to the reflectivity data in figures 4.8 and 4.9. Included are the effective optical 
constants o f  the film {neff, keff) and the film growth rate, as well as the refractive 
index o f the GaN com ponent in the mixture (ncaN ) and gallium  fraction in the films,yGo- 
The deposition f \ u \ ,  jdep, was estim ated from the film growth rate (see section 4.5.3 for 
details).

These values illustrate that, while the introduction o f  a background gas leads to a
2 2 significant reduction in the rate at 1 J cm ' , the reduction at 2.5 J cm ' is com paratively

small. A t this fluence, it appears that the growth rate is optim ised when the gas pressure

is m aintained at 0.05 mbar, though the com paratively low growth rate m easured in high

vacuum  may indicate that sputtering and evaporation are significant material removal

process (thus c« ^  0), particularly since the mean ion energy (-2 0  eV) from  figure 4.5 is

near the threshold for sputtering due to Ga ions (25 eV ) as calculated in section 2.3.1.

Sputtering o f  G a rich films in PLD is dealt with in greater detail in the follow ing chapter

on PLD o f  GaN using a Ga target.

4.5.4 H igh  te m p e ra tu re  g row th  guidelines

Over the range o f the values listed in table 4.1 ( -  2 x10'^ to 8x10'^ cm'^ s’’), a quick 

com parison with the decom position flux data o f  figure 1.6 suggest the substrate 

tem perature should not be increased above 830 °C if  decom position is to be avoided. The
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deposition flux can also be compared with the ion probe data o f section 4.4, where the ion 

flux per shot at a fluence of 2.5 J cm'^ was found to be ~ 5xlO'^ cm'^. This is 

approximately one order o f magnitude less than the deposition flux per shot (note the 

values in table 4.1 are per second, where the repetition rate was chosen as 10 Hz), 

indicating that the ion fraction in the plume is about 10% at this position (the actual value 

may be lower since this estimate ignores sputtering which is likely to be significant in 

high vacuum).

4.6 High temperature film growth

4.6.1 Reflectivity results

Figure 4.12 illustrates the effect o f laser fluence and shot repetition rate on the reflectivity 

vs shot number at a substrate temperature o f 700 °C. The left-hand panel shows how, at a 

laser fluence o f 1 J cm'^ and a repetition rate o f 5 Hz, there is little or no change in the 

observed reflectivity (and thus the growth rate), even when the background gas (N2) 

pressure is increased from 0.05 mbar to 0 .1 mbar.
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Figure 4.12 Reflectivity for GaN film growth on (0001) sapphire at 700 °C showing the 
effect o f a change in the shot repetition rate (left) and laser fluence (right) on the growth 
rate.
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On the other hand, when the repetition rate is increased to 10 Hz, the reflectivity does 

exhibit a measurable change over the growth period (10 m ins). From table 4 .1 , the 

corresponding flux for these conditions (2 .6  x lO'^ cm'^ s'') serves as a low er lim it for the 

film  growth to becom e significant at this temperature (700 °C) and target-substrate 

distance (w hich is c lose  to the temperature predicted in the previous section using the 

decom position flux in figure 1.6). The effect o f  an increase in fluence from 1 J cm'^ to 2.5  

J cm'“ is more dramatic as illustrated in the right-hand panel o f  figure 4.12; the immediate 

increase in reflectivity suggesting that the deposition rate is considerably greater than the 

decom position rate. Interestingly, the film  growth rate appears to increase w ith thickness 

(i.e. the oscillation period is decreasing). This behaviour can be expected in the absence 

o f  an intentionally grown buffer layer, since the initial nucleation stage is staggered by 

the large film -substrate mismatch. In this phase o f  the growth, an unintentionally grown  

AlG aN  buffer layer is likely to form [Vispute et al., 1999] as the first few  GaN islands 

nucleate at A l sites. Once these islands coalesce and growth becom es essentially  quasi 2- 

dim ensional [Nakamura and Fasol, 1997], the main GaN film  growth stage takes place. 

From the fit to the reflectivity data, the growth rate w as determined to be ~  0.05 nm per 

shot for growth in 0.1 mbar N 2 at 2.5 J cm'^, which is about three tim es less than the 

value calculated for growth on unheated substrates. The fit also yielded a refractive index 

for this film  o f  « =  2 .4 -0 .003 / and the surface roughness w as determined to be 10 nm.

4.6.2 XRD results

X-ray diffraction was used to identify the crystalline phase and orientation o f  the film s 

deposited on heated substrates, w hile the crystalline quality o f  the film s w as compared  

using the Debye-Scherrer relation (see section 3 .4 .1 .2). Figure 4.13 show s the X R D  scans 

o f  film s grown using tw o different repetition rates and background gas pressures. Firstly, 

let us consider the effect o f  a pressure variation on the diffraction data (left-hand panel); 

the low er gas pressure appears to lead to a larger grain size (the grain sizes for the film s 

grown in 0.05 mbar N 2 and 0.1 mbar N 2 are 32 nm and 11 nm, respectively) suggesting  

that the 0.05 mbar deposition environm ent is more favourable for crystallisation. This 

may be due to the effective contribution o f  the energetic plume species to surface 

m obility as higher pressures w ill reduce the kinetic energy o f  the plume.
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Figure 4.13 XRD 0-29 scans o f GaN films grown on (0001) sapphire at 750 °C 
illustrating the effect due to a variation o f background gas pressure (left) and laser shot 
repetition rate (right). In all cases the laser fluence at the GaN target surface was 2.5 J 
cm'^, and the target-substrate distance was 4 cm.

It is also interesting to note that, for the film grown in 0.05 mbar N 2 , the peak is shifted to 

a slightly higher angle than that measured for bulk (fully relaxed) GaN as indicated by 

the dashed line (2^=34.65). This would suggest that the lattice planes perpendicular to 

the plane o f the substrate are in compression (the reduction in c parameter, Ac = 0.0075 

A), which again may be due to the energetic species impinging on the growing film. The 

XRD spectra for films grown at 5 Hz and 10 Hz show a similar variation in both the 

FWHM and the peak position (right-hand panel). As expected, the higher repetition rate 

will be accompanied by a higher deposition rate and this leads to stronger diffraction 

intensity. The narrower FWHM (which, in this case corresponds to an increase in grain 

size from 17 nm to 32 nm) is perhaps a little surprising considering the longer duration 

between shots. One might expect that this would result in a more favourable environment 

for atoms to find minimum potential sites on the film surface. However, it may be the 

case that the crystalline quality o f films is improved as the thickness is increased, and the 

growth mode is described by the Frank-Van der Merwe, i.e. 2-D layer by layer, model 

(see, for example, [Horwitz and Sprague, 1994]).

Note: A photoluminescence study o f a GaN film grown on sapphire from a GaN target in 

a N 2 background was carried out at the Centre for Laser Plasma Research at Dublin City
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University; the results o f  this study are presented in the PhD thesis o f  K elvin Mah [Mah 

et al„ 2001],

4.7 Concluding remarks

The aim o f  this chapter has been to establish the minimum fluence and background gas 

pressure requirements for PLD o f  GaN using a GaN target. From the point o f  v iew  o f  

film  growth analysis, the requirements were clearly identified from reflectivity data; at a 

repetition rate 10 Hz, a fluence o f  greater than 1 J cm'^ and a gas pressure o f  at least 0.05  

mbar are required to obtain stoichiom etric film s and reasonable growth rates. These  

conditions appear to maintain a deposition flux w hich is significantly greater than the 

decom position flux (i.e. at Ts > 600 °C), as w ell as lim iting the possible effects o f  

sputtering by reducing the plume ion energies.

U sing the ion probe results to identify the reaction path leading to stoichiom etric growth  

is perhaps not so obvious. The ablation process is clearly not congruent (i.e. the ablated 

target surface is Ga rich); correspondingly, reflectivity data suggests that the plume 

contains a significant fraction o f  free gallium , m ost o f  w hich is likely to be in an ionised  

state (recall that the calculated ion and Ga fractions in the plume w ere com parable). In a 

background gas pressure o f  0.05-0.1 mbar, it appears that the plum e is sufficiently  

energetic to excite N 2 m olecules at least over the first 2-3 cm w hich, according to the 

expansion m odel data in figure 2 .3 , should provide an adequate number o f  activated  

nitrogen species to react with any free gallium  at the plum e front surface. H ow ever, there 

are many factors w hich have not been considered that m ay affect the probability o f  

reaction, not least o f  w hich include the short interaction tim e during the expansion and 

deposition or the contribution o f  the electron com ponent o f  the plume to background gas 

activation (or indeed recombination).

To gain a further understanding o f  the reaction kinetics, it w ould be w orthw hile using  

absorption spectroscopy to gain som e measure o f  the GaN concentration in the plume, 

either when ablating in high vacuum or at the gas pressures used in this study. This would  

confirm  whether GaN target ablation involves com plete dissociation o f  the GaN  

m olecule, and subsequently, m ay also identify where GaN formation takes place w hen
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using the higher N2 gas pressures (i.e. at the plume (shock) front or at the substrate). 

O therw ise a spectroscopic time o f  flight study o f  non-ionic species, m ight prove useful in 

obtaining collisional cross-sections o f  ablated neutrals in the background gas, since in 

this w ork only ion-gas collisions have been considered.
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5. PLD of GaN using a gallium target

S .l  In trod u ction

The use o f  m ulti-com ponent pressed powder pellets or sintered ceram ics, rather than 

elem ental sources, as the target materials in PLD has facilitated its em ergence as an 

effective film  growth technique for obtaining novel or exotic materials. Sim ilarly, pressed  

nitride powder pellets have most com m only been used as targets for PLD o f  group III 

nitrides. H ow ever, the powders from which such targets are prepared tend to oxidise  

easily  and are o f  com paratively low  purity [Slack, 1973]^^ (~  99 .99  %), whereas the 

group III m etals can be obtained in shot or bulk form with purity as high as 99 .99999  %. 

Therefore, the use o f  a gallium  target as a source material for high purity GaN thin film  

growth is preferable. Potentially, using liquid gallium  should offer another advantage 

over the ceram ic target in that hydrodynamic (due to cone formation) and exfoliational 

(“flaking”) sputtering associated with solid target ablation [K elly and M iotello , 1994] 

could be avoided. Despite these potential advantages, progress in GaN thin film  growth 

with metal targets has been slow  and only recently has material been obtained with  

structural and optical properties which compare with or surpass those grown using the 

ceramic target [M erel et al., 2001]. The difficulty lies with the fact that nitride growth 

from an elem ental target in an N 2 background gas relies alm ost totally on the plum e- gas 

reactions to drive the nitridation process. O therwise, aggressive environm ents such as 

am m onia N H 3 [Nakamura and Fasol, 1997] or hydrazine ( N 2 H 4 )  [N ikishin et al., 1997] 

are required to promote formation o f  the nitride (alternatively activated plasm a sources 

such as radio-frequency [Fernandez et al., 2000] or electron-cyclotron resonance [Yu et 

al., 1997] have been used).

The difficulty with preventing oxidation o f  non-oxide powders is primarily due to the large surface area 
per grain and the low enthalpy o f  formation (and thus dissociation) for nitrides. In many cases, the enthalpy 
o f  formation for the nitride is only about half the value for the corresponding oxide. For a comparison o f  
the stabilities o f  oxides and nitrides, see for example Searcy, A. in Chemical and Mechanical Behaviour o f  
materials, Searcy, A., D. V. Ragone and U. Colombo, eds., Wiley-lnterscience, N ew  York, 1970, pp. 33- 
55.
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The aim o f  this study is to establish whether N 2 is a viable background gas alternative for 

GaN growth with a Ga metal target. Sim ilar to the previous chapter, the m inim um  

background gas pressure and fluence requirem ents were identified by using a Langm uir 

ion probe to m onitor the plume dynam ics, and optical reflectom etry to m easure the film 

stoichiom etry and growth rate. The experim ental approach was sim ilar to that taken in the 

previous chapter; except that a greater range o f background gas pressure (10'^-0.4 mbar) 

and laser fluence (1-10 J cm ‘) were investigated.

5.2 Ga target ablation characteristics

5.2.1 Difflculties associated with Ga target ablation

Characterisation o f  the laser ablation process for gallium  is som ewhat com plicated by the 

possible existence o f  both phases (liquid and solid) near room  tem perature. A ccordingly, 

properties such as the optical absorption, therm al conductivity and the density o f  the 

target can change abruptly upon m elting (section 1.1) [lida and G utherie, 1988a] and vary 

the ablation characteristics from shot to shot. In addition, the surface profile o f  the target 

tends to change considerably during ablation; m elting and re-solidification results in 

peaking o f  the target centre (see figure 5.1a). Eventually a tilt in the surface plane (and 

thus the surface norm al) o f  the target takes place, and the direction along w hich the 

plum e expands tends to vary. This problem  is especially evident when the target has 

com pletely m elted and forms an oblate spheroid^’, as is the case when using a heated 

substrate^*. Follow ing the suggestion by W atanabe et al. [W atanabe et al., 1996], a 

shallow target holder was used (depth ~ 3 mm), but the surface curvature was still 

significant. The results presented in the following section are taken from experim ents 

with Ga targets which were cooled and solidified beforehand. This was done so as to 

limit the uncertainty associated with spotsize m easurem ents on the surface o f  liquid 

targets, but while the bulk target rem ained solid during ablation, a thin liquid layer was

For an oblate spheroid, the radius o f  the polar axis, i.e. the axis along the vertical, is less that the 
equatorial (horizontal) axis 

By embedding a thermocouple in the target holder, it was noted that the temperature o f  the holder and 
target could reach temperatures in excess o f  100 °C over a 1 hour period when placed 4 cm from a substrate 
heater maintained at 750 °C.
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noticeable on the surface after ablation, particularly for the experiments where a fluence 

o f 2.5 J cm'^ or greater was used (after 6000 or so shots).

Solid Ga Part-melt Liquid Ga

Fig. 5.1a Schematic illustrating how the plume projection can change depending on the 
degree o f melting and surface shaping in laser ablation o f Ga metal.

5.2.2 M ass loss for laser ablation o f Ga

The average mass loss per laser shot was measured for pre-cooled Ga targets ablated in 

high vacuum for fluence ranging from near the threshold o f ablation up to ~ 5 J cm'^. The 

targets were ablated at 5 Hz for 20 minutes, accounting for a total shot number o f ~ 6000.

Fig. 5.1b Gallium target surface before (left) and after (right) ablation with ~ 6000 shots 
at 1 J cm'^ showing the rippled surface structure. The images were taken using an optical 
microscope under white light illumination, and the image dimensions are (0.44x0.58) 
mm .̂
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A photograph of the surface of a gallium target after an ablation run at 1 J cm'  ̂ is shown 

in figure 5.1. Although the targets were completely solid after ablation, there was a 

considerable amount of rippled surface structure, indicating that while the target may 

have melted, it had re-solidified. Figure 5.2 shows the mass loss for laser irradiated 

gallium targets as a function of laser fluence, indicating an ablation threshold of a few 

hundred mJ cm' , which is considerably lower than the fluence typically used in PLD of 

GaN thin films using gallium targets (> 5 J cm'^).
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Fig. 5.2 Measured (scatter plot) and predicted (lines) mass loss for gallium target V5 
fluence. The values predicted by the model were determined using different values of 
surface reflectivity (R) and a photoabsorption cross-section of lO '̂  cm .̂ The ablation 
depth was calculated assuming a constant fluence over the spot size of 4x 1 mm .̂

From this plot, the ablation is best described by a reflectivity of about 0.5, which is 

somewhat surprising considering the low melting temperature of Ga and the high 

reflectivity (section 1.1) of liquid Ga (presumably, the target is liquid for most of the 

laser pulse duration (figure 2.1a), and the reflectivity is closer to that of the liquid). 

However, previous studies have similarly found that the effective reflectivity for laser 

ablated metals is less than that measured using low intensity radiation [Jordan, 1998]. For 

a laser fluence of 2.5 J cm' ,̂ the mass loss (~ 0.6 |ig) and corresponding ablation depth 

(25 nm) for Ga target ablation are significantly lower than for the GaN target (-1.7 ^g
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and 120 nm, respectively), though this is to be expected since the optical absorption depth 

for Ga is ~  7 tim es less than that o f  GaN at 248 nm (table 1.1). It is worth noting that the 

m ass loss at 2.5 J cm ‘‘ corresponds to a ablation rate o f  ~ 5 x  lO'^ Ga atom s per shot. 

Interestingly, from figure 5.3, the ablation rate does not appear to be saturating as w as  

observed with the GaN target which, from the outset, is som ewhat surprising since one 

m ight expect the reflectivity-and thus the degree o f  target heating-to decrease as the 

surface liquefies com pletely. H ow ever, it is likely that at this fluence, splashing (due to 

the im pulse imparted by the laser produced vapour; figure 2.1b) and droplet expulsion  

from the target are becom ing significant material removal processes as has been observed  

in laser ablation o f  other liquid metals. Fast im aging experim ents with m olten Bi and Sn 

targets has show n that splashing in liquid target ablation depends on both the fluence and 

repetition rate used, and can be avoided provided both these parameters are limited [Toth 

et al., 1999]. In these experim ents, the threshold for the onset o f  splashing for Sn was 

much considerably greater than that o f  Bi (5.5 J cm'^ vs 2.5  J cm'^), w hich may have been 

related to the surface reflectivity o f  the liquid targets (the reflectivity o f  liquid Sn is 4 

tim es greater than Bi at the laser wavelength used). Other factors which are likely to 

affect the splashing threshold are the surface tension and viscosity  o f  the liquid metal 

[M anzello and Y ang, 2003], and since the reflectivity (section 1.1) and surface tension  

(y =  718 mN m"') o f  liquid Ga are closer to that o f  Sn (/?248 nm =  0.71, y =  560 mN m '') 

than Bi (7?248nm = 0 .17 , y =  378 mN m ') [lida and Gutherie, 1988b; Kantor et al., 2000], it 

is likely that the splashing threshold for Ga is near 5 J cm'^ (the v iscosities o f  all three are 

comparable).

5.3 Ion probe measurements

5.3.1 Ga ablation in vacuum

The variation w ith distance o f  the integrated flux in high vacuum is illustrated in figure 

5.3. A s in the case o f  the GaN target, the flux reduces slow er than 1/d^ (slope o f  log-log  

plot =  -1 .77), but this again may be due to the choice o f  d (see section 4 .4 .1 ). A t the 

substrate position (4  cm ), integrated ion flux w as comparable with the GaN target case (~
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Fig 5.3 Integrated ion flux (scatter points) vs distance from a Ga target for ablation in 
high vacuum (10'^ mbar) at 2.5 J cm “. A log-log plot o f the data is shown on the right. 
The integrated ion flux per shot near the threshold for ion detection (d = 4 cm) is also 
plotted (inset, left panel).

It is interesting to note that the threshold for ion detection using the probe (left panel, 

inset) is quite close to the mass loss threshold, suggesting that any vaporised material is 

easily ionised. Figure 5.4 shows the angular distribution o f the integrated ion flux per 

pulse, normalised to the flux value at 0=0. The data was fitted with the Anisimov profile 

(equation 2.3a) which allowed the Ka (1.4) and Kb (2.0) values (section 2.2.1) to be 

extracted, and the total number o f ions in the plume, using equation 2.3b was found to be 

(1.8 ± 0.7) xlO'^. Considering that the total number o f ablated atoms determined from 

mass loss measurements at this fluence was 5.3x10'^, the ionisation fraction appears to be 

o f the order o f 35 %, which is significantly higher than the ~10 % value measured with 

the GaN target. The ion energy associated with the maximum ion flux (section 2.2.3) is 

plotted for various fluences in figure 5.5a. The energies were measured over a larger 

fluence range than in the case o f GaN target ablation, but even at low fluence the energies 

are noticeably higher than for the ceramic target (compare with figure 4.5a). Also 

included is the ion energy distribution generated using the TOF signal for ablation at 2.5 J 

cm'^ in figure 5.5b (right).
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Fig. 5.4 Normalised angular distribution of the integrated ion flux per shot for ns ablation 
o f a Ga target in high vacuum at 2.5 J cm'“. The lines show the fit to the data using the 
Anisimov model (eq. 2.3a).
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Fig. 5.5 (a) Ion energy, associated with the maximum ion flux, as a function o f fluence 
for ablation o f a Ga target in high vacuum (left), (b) Energy distribution for Ga ions 
calculated using the TOP spectrum for ablation at 2.5 J cm'^, indicating the mean energy 
(~30 eV). The sputtering yield as a function o f incident ion energy, given by equation 
2.13, is also plotted (circles) and is used to determine the total yield due to Ga ions (see 
text).

The mean energy (~ 30 eV) is noticeably higher for the Ga target case (compare with 

figure 4.5b), which may be related to the surface absorption and evaporation mechanisms
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governing both targets. Since the optical absorption (and ablation) depth is much less for 

Ga, it is likely that once vaporisation is achieved, energy is quickly channelled into 

ionisation processes. On the other hand, for the GaN target, much o f  the energy is likely 

to be expended in decomposition before ionisation takes place. The sputtering yield as a 

function o f  incident ion energy, calculated using equation 2.13, is also plotted in figure 

5.5b. The total yield per shot, can be calculated by integrating over the ion energy 

spectrum, as follow s [van de Riet et al., 1993]:

The yield for the data in figure 5.5b was determined to be 0.95, which indicates an 

effective sputtering yield o f  about 0.3 if the ionisation fraction o f  0.35 calculated from the 

mass loss and angular ion distribution data is accurate. The total sputtering yield was

Figure 5.6 shows the ion signals at 4 cm for Ga target ablation in various background gas 

pressures o f  N 2 . It is interesting to note that the peak splitting is more clearly identifiable 

than in the case o f  GaN target ablation (compare with figure 4.6). The slope o f  the natural 

log plot (inset) o f  the first peak intensity was used to determine a scattering cross-section 

o f  (2-4)xl0''^  cm ^. It was noticeable that the magnitude o f  the total integrated flux 

tended to vary quite a bit, presumably because o f  the surface structure o f  the target. Since 

there is also considerable uncertainty associated with the position o f  the first peak for the 

GaN target probe signals (figure 4.6), no conclusive comparisons can be made between 

the data for both targets at this point except that the degree o f  scattering is comparable. 

The distance vs  time values for the second peak at 2.5 J cm'^ in O.I mbar N 2 are shown in 

figure 5.7 as is the fit to the data (solid line) which yielded a dependence as would be 

expected from the blast wave model (section 2.2.2.2, [Zel'dovich and Raizer, 1966]). The 

velocity and ion energy profiles were determined by differentiating the fit to the distance 

vs TOF data (equation 2.6).

Y
Film

lY,„„N{E)dE
(eq.5 .I )

calculated in a similar fashion to be between about 0.15 for ablation at I J cm'^.

5.3.2 Ion probe measurements in a background gas



Chapter 5: PLD o f  GaN usins a sallium tarset 90

0.15
mbar

-0.05 mbar 
- ■ 0.1 mbar

 0.15mbar
-0.2 mbar

 0.25 mbar
0.3 mbar 
0.4 mbar

<  0.10

P 0.05

Time (ns)

Ln I

0 .01 :

1E-4
0 5 10 15

Time (|iS)

Fig. 5.6 (a) Probe signals for Ga target ablation at 2.5 J cm'^ in various N t background 
gas pressures taken 4 cm from the target. The data is also plotted on a log scale (right) to 
allow easy identification o f the first peak intensity ( I m a x ) -  The reduction in the intensity, 
plotted on a natural log scale, is shown in the inset.
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Fig. 5.7 Expansion dynamics for the shockfront (2"̂ * ion signal peak) in 0.1 mbar N 2 at 
2.5 J cm'^ using a gallium target; (a) Distance vi' TOF (scatter plot) and velocity profile 
for Ga target ablation in 0.1 mbar N 2 (left) and (b) the corresponding ion kinetic energy 
calculated from the velocities (right).
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From figure 5.7b, it is noticeable that the ion energies quickly reduce to a few eV within 

3 cm  from the target. The results are som ewhat surprising, particularly since in vacuum, 

the G a ion energies are higher when using the Ga target. It may be the case that the 

scattering cross-section is strongly dependent on the initial ion velocity in this kinetic 

energy range, particularly in the several hundred eV  range where the energy distributions 

w ere noticeably different (compare figures 4.5b and 5.5b). It was found that higher 

background gas pressures were required to obtain reasonable film growth rates when 

using the Ga target. This is discussed in greater detail in the section on growth at high 

tem perature; for the m om ent it is worth considering the corresponding probe signals at 

these pressures (see figure 5.8 below). In this pressure regim e, only the second peak is 

detected, indicating that essentially all o f  the ions in the plum e have interacted with the 

background gas and the plume is confined within the shockfront.
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Fig. 5.8 Ion TOF signals for gallium  target ablation at 2.5 J cm'^ at various distances 
from the target in 0.4 m bar N 2 (the data has been plotted on a sem i-log scale for clarity).

U nder these conditions, excitation o f  the background gas should be greatly lim ited to 

w ithin a cm  or tw o from the target, and the plume energy is therm alised rapidly as the 

distance increases. Taking, for example, the TOF o f  the m axim um  in the ion flux for the 

probe signals at 3 cm (7.5 |is) and 4 cm (15 |as), the instantaneous velocity can be 

calculated as 1.33 km s‘', which corresponds to an ion energy o f  about 0.6 eV. At this 

point, it m ay seem that the requirem ent for higher background gas pressures to achieve
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stoichiom etric growth is purely due to the higher number o f  free Ga species in the Ga 

target plume compared to ablation with the GaN target (recall from chapter 4 that the free 

Ga fraction determined from reflectivity for growth with the GaN target was only ~  0.1, 

w hich g ives the total number o f  free Ga atoms in the GaN target plum e as ~  0.1 x 10'^). 

This may indeed be the case, as the surface density o f  activated N 2 particles should  

increase with pressure (from 0.1 to 0.4 mbar) by a factor o f  about 4 assum ing the 

accum ulation m odel o f  section 2 .2 .2  (figure 2 .3 ) is applicable.

5.4 Deposition on unheated substrates

Thin film  deposition on sapphire substrates in both high vacuum and in (0 .05 -0 .1 ) mbar 

o f  N 2 using gallium  targets was monitored in-situ using the reflectivity setup described in 

section 3 .4 .2 . For a com parison with growth from the GaN target, film s were deposited  

using fluences o f  1 and 2.5 J cm'^, with the reflectivity signals for growth at this fluence  

show n in figures 5.9 and 5.10, respectively. In general, the signals show  quite erratic 

behaviour and are d ifficult to model; as a result only som e o f  the traces show  a fit given  

by the m odel (solid lines). The high vacuum traces (top panels) differ considerably from  

the traces for growth in 0.05-0.1 mbar No, and it is worth considering each o f  these cases 

individually. For the traces w hich w ere fitted with the reflectivity m odel, the optical 

constants and deposition rate (as w ell as the Ga fraction) extracted from the fit are listed 

in table 5.1.
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Fig. 5.9 R eflectivity trace for films deposited in 10'^ (top), 0.05 (m iddle) and 0.1 
(bottom ) m bar N 2 using a gallium target and a fluence o f  1 J cm'^. The data has been 
fitted with the reflectivity model (solid line), and in the high vacuum case a surface 
roughness value o f  50 nm (for com parison with growth using the GaN target see figures 
4.8 and 4.9).
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Fig. 5.10 Reflectivity traces for films deposited using a gallium target at 2.5 J cm'^ in (top 
to bottom) 10'^, 0.05 and 0.1 mbarN2 . The trace in high vacuum was fitted using the n 
and k values for liquid Ga (table 2.1) and a surface roughness of 75 nm (dashed line) and 
100 nm (solid line). The traces for 0.05 mbar and 0.1 mbar were fitted using the 
Bruggemann model (see table 5.1 for Ga fraction).

5.4.1 High vacuum growth

The high vacuum (top panel, figure 5.9) trace at 1 J cm'^ is typical of a metal film, 

although the maximum reflectivity reached after a few tens of nm appears to be 

significantly lower than that expected for a smooth, thick Ga film (i.e. when the film 

thickness well exceeds the optical absorption depth (~ 10 nm), the reflectivity should be 

close to that of the bulk as in figure 2.5). The fitted (solid) line included with this trace 

was generated using a final surface roughness value of 50 nm. However, the growth rate 

using this fit is only 0.008 nm per shot which corresponds to a total film thickness of ~ 50
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nm. Although this may seem surprising since the ablation rate and total ion flux per shot 

for Ga targets are comparable to the GaN target case (where the deposition rate was 

typically 0.1 nm per shot in vacuum), it is likely that sputtering is considerably reducing 

the film growth rate, as seems evident from the sputtering yield calculations o f section 

5.3.1. The trace for ablation at 2.5 J cm'^ in high vacuum (fig. 5.10, top panel) indicates 

an extremely rough film, and no conclusive information could be extracted with regard to 

the film thickness or growth rate. The overall fit to the data is quite poor, even with 

surface roughness values o f the order o f 100 nm as indicated in the plot, though the fit is 

reasonable for the first 1000 or so shots using a value o f afmai=75 nm (section 2.3.2.3 

details the surface roughness model). Sputtering by high energy ions may be contributing 

to film roughness considering the total sputtering yield calculation in the previous section 

(section 5.3.1).

E
- 2 .  cm )

P
(mbar)

H e ff k e f f foa S p ilm

(nm/shot)

1 10'^ 1.4±0.1 6.9±0.05 ~1 0.008±0.001

1 0.05 - - - -

1 0.1 2.7±0.2 0.3±0.1 0.12 0.016±0.003

2.5 10'^ 1.4 6.9 ~1 See text

2.5 0.05 2.7±0.1 0.3±0.05 0.12±0.02 0.08±0.01*

2.5 0.1 1.9±0.1 <0.01 <0.01 0.07±0.01

Table 5.1 Data extracted from the fit to some o f the reflectivity signals for growth using 
the gallium target. The table includes the effective optical constants («e^ k e j ^ ,  the gallium 
fraction ( f c a )  and the growth rate (5) given by the fit (see section 4.5.3 for details o f the 
deposition rate calculation). For the films grown in high vacuum, the optical constants o f 
liquid Ga at 635 nm were used (table 1.1). * It was possible to measure the thickness of 
this film using the profilometer, which yielded a value o f (0.07±0.015) nm per shot.

5.4.2 Growth in 0.05 and 0.1 mbar N2.

It is interesting to note that with the introduction o f N 2, the behaviour o f the reflectivity 

trace at both 1 J cm'^ and 2.5 J cm'* is qualitatively similar to the variation observed in 

the corresponding traces when using the GaN target. The damped oscillation associated 

with these traces is typical o f a poorly conducting metal or absorbing dielectric.
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indicating that the films are likely to consist o f  a m ixture o f  GaN and free gallium. Since 

it w as not possible to confirm  the deposition rate in high vacuum (e.g. using 

profilom etry), one can only speculate as to the effect o f  the increase in background gas 

pressure, though the pressure increase from 0.05 m bar to 0.1 m bar appears to have little 

effect on the rate at 2.5 J cm'^ (this was similarly observed in the case o f  the GaN target, 

see table 4.1). A lthough it seems that the higher pressures and fluence lead to a reduction 

in the Ga fraction, and it may be necessary to further increase both the fluence and gas 

pressure in order to obtain full stoichiometry. An im portant consideration for high 

tem perature growth is the fact that the deposition rate using the Ga target in (0.05-0.1) 

m bar N 2 , at ~ 0.07 nm per shot, which is low in com parison with growth using the GaN 

target at the sam e fluence, and was shown to be insufficient to m aintain a reasonable 

growth rate with a GaN target once the substrate tem perature was increased to ~  700 °C 

(section 4.6.1).

As a final note regarding films grown by PLD on unheated substrates using a G a target. 

X-ray diffraction analysis revealed that these films were am orphous. Thus high 

tem peratures are required for crystalline GaN growth, as was observed when using the 

GaN target.

5.5 Deposition on heated substrates

5.5.1 Reflectivity for high temperature growth

A num ber o f  general com m ents can be made with regard to the deposition requirem ents 

for growth at high tem perature using the gallium target, in particular, the following 

fluence and pressure were required to obtain oscillations in the reflectivity trace:

•  A fluence o f  at least 2.5 J cm'^

•  A background gas pressure o f  at least 0.2 m bar N 2

Furtherm ore, it was noted that the growth rate strongly depended on the target substrate 

distance. Because o f  the fluence requirem ent, much o f  the deposition was carried out at 3 

J cm'^ and above. A t a substrate tem perature o f  700 °C, it was noted that the growth rate 

was insignificant unless the background gas pressure was increased above 0.2 m bar N 2 ,
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as indicated in figure 5.11. Also included in this figure (bottom) is the variation o f 

reflectivity signal for growth at two different substrate temperatures.

O 0.1 m bar 
□  0.25 mbar0.4 -

0 2 -
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R
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Fig. 5.11 Reflectivity traces for films grown using a gallium target in a N 2 background at 
3 J cm'“, indicating the effect o f gas pressure (top) and substrate temperature (bottom) on 
the growth rate and surface roughness. The dashed line in the lower plot is the fit to the 
higher temperature data, after a thousand or so shots where the rate appears to stabilise.

Although an increase o f ~ 50 “C results in a reduction o f the growth rate from 0.07 nm 

per shot to (0.03-0.04) nm per shot, these growth rates are still quite high, and 

comparable to the rates observed when using GaN targets in 0.1 mbar N 2 . The traces also 

indicate that the films are quite smooth, though the film grown at 750 °C showed a higher 

value o f roughness (25 nm) than the other films grown at 700 °C (10 nm). For both sets o f 

data, the fit to the data yielded a refractive index o f fi =2.35-/ 0.01.

In some trial experiments, films were deposited at pressures o f up to 5 mbar N 2 ; at this 

pressure, a fluence o f about 8 J cm'^ was required to obtain a variation in the reflectivity 

signal. From the reflectivity data for these films, the growth rate is comparatively high 

(-0.1 nm per shot), but the traces also suggested that the films were quite rough. 

Nevertheless, it seems that a high fluence and high pressure may be the only route to
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obtaining highly oriented crystalline thin film s in a m olecular nitrogen background, as 

revealed by X R D  measurements on the film s.

5.5 .2  X R D  resu lts

X-ray diffraction m easurements on film s grown using the gallium  target have revealed  

that w hile sufficiently high growth rates w ere observed at 700 °C -750 °C , the 

microstructure w as in many cases amorphous, and only by further increasing the 

substrate temperature w as crystalline growth achieved.

.510' d = 4 cm GaN
(0002) 700 °C 

750 °C
G ^

( 1011 )

T = 700 °C
3 cm
4 cmGaN

(0002)
: (0006)

10“

33 36 3930 42 45
29

F ig . 5 .12  X R D  scans o f  film s grown using a gallium  target illustrating the effect o f  
substrate temperature (top) and target-substrate distance (bottom) on the film  structure. 
A ll o f  the film s w ere deposited in a N 2 background gas pressure o f  0.25 mbar, w hile the 
laser fluence w as maintained at ~  3 J cm ‘̂ .

Figure 5.12 illustrates the rather dramatic effect o f  an increase in substrate temperature 

from 700 °C to 750 °C (top panel) at a target substrate distance o f  4 cm , indicating that 

the structure goes from being amorphous to polycrystalline (the X R D  spectra in this 

panel correspond to the reflectivity curves in the bottom panel o f  figure 5.11).  The figure 

also includes the X-ray diffraction spectra for tw o film s grown at 700 °C, but at different
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target -substrate distances (3 cm and 4 cm). In all cases, the background gas pressure and 

laser fluence was 0.25 mbar and 3 J cm'^, respectively. It seems that an increase in 

substrate temperature has the same effect as a reduction in the target substrate distance; 

that of a change from polycrystalline or amorphous growth to predominantly c-axis 

growth. Despite the improvement in crystal structure observed under the conditions 

described above, the FWHM of the (0002) peak is comparatively wide, indicating a small 

grain size. Interestingly, a reduction of the target-substrate distance rather than an 

increase in substrate temperature led to a narrower FWHM and correspondingly greater 

grain size (55 nm vs 25 nm). As mentioned briefly above, growth was also carried out at 

comparatively high pressure (5 mbar) and fluence (8 J cm "), to achieve reasonable higher 

growth rates at higher temperatures.

<nc
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Fig. 5.13 XRD spectra for films grown at ~ 8 J cm'^ in a 5 mbar N2 background using a 
liquid Ga target, (a) Patterns for films grown at various substrate temperature on (0001) 
sapphire. The plots have been normalised against the (0002) c-axis peak of the film 
grown at 780 °C (left), (b) XRD of a film deposited on a GaAs substrate using a Ga

target in 5 mbar N 2 . The GaN peaks are given by: A (1010), B (0002), C (1011) and 
D (1100). The narrow peaks denoted by “E” are impurity (tungsten) lines.

Figure 5.13 shows the effect of substrate temperature on the crystalline orientation of 

these films. Again, the GaN (0002) peak becomes more prominent as the temperature is 

increased above 700 °C, however, the other growth orientations were found to reappear
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as the temperature was increased above 800 °C. In an attempt to promote cubic GaN 

growth, a film was deposited on an o-cut (100) epi-ready^^ GaAs substrate. A low  

temperature buffer layer was also included in this particular growth, with deposition 

being carried out at 500 °C for approximately 2000 shots, in a procedure similar to that 

used in MOCVD growth o f GaN [Nakamura and Fasol, 1997], The main growth stage 

was carried out at 700 °C, for 6000 shots, and the background gas pressure was 

maintained at 5 mbar. However, XRD o f the film revealed only a number o f  low intensity 

GaN peaks indicating a polycrystalline structure (see figure 5.13b).

Note: Some o f  these films grown using a liquid Ga target were characterised using the 

low temperature photoluminescence apparatus outlined in section 3.4.4. The details o f  the 

measurements are discussed in detail in the PhD thesis o f  Kelvin Mah [Mah, 2002] and 

elsewhere [Mah et al., 2002],

5.6 Concluding remarks

While the focus o f  this exploratory study o f  PLD o f  GaN using a Ga target was in line 

with the previous chapter in trying to establish the requirements for stoichiometric film 

growth, a number o f  difficulties have been identified with regard to the metal target’s 

suitability as a PLD target. These include constraints on target preparation, particularly 

the surface flatness, which leads to large variations in the shot to shot ablation rate and 

angular distribution. Furthermore, the surface reflectivity o f  liquid Ga is quite high, thus 

high fluence may be required to achieve adequate ablation (and deposition) rates, which it 

seems leads to droplet expulsion and splashing. On the other hand, the ionisation fraction 

in the plume appears to be quite high (-0 .5 ), as do the ion energies, which should aid 

activation o f  the background gas. While comparatively high gas pressures (>0.2 mbar) 

seem to facilitate stoichiometric film growth and increase growth rates, this may in part 

be due to reduced sputtering as it is due to an increased activated N 2 density in the target- 

substrate region. Once again, a spectroscopic study o f  the plume, to confirm if  ablated 

gallium is nitrided before reaching the substrate, would be most informative in this 

regard. In any case, these higher background gas pressures seem to require higher fluence

These particular substrates have been etched and individually sealed under vacuum to ensure that the 
surface is free o f  an oxide layer before deposition.
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(> 3 J cm ''), to maintain reasonable growth rates at high temperature w hich again leads 

back to the problem o f  splashing when using a liquid target.

It m ay be possib le to overcom e a number o f  the d ifficulties outlined above, for exam ple, 

a cooling  m echanism  can be incorporated in the target holder [Mere! et al., 2001] to 

maintain a solid  target (though sim ultaneous target cooling  and target rotation under high 

vacuum  conditions is not easily  achieved). With regard to the pressure requirements o f  

the N 2 background, W illmott et al. [W illm ott et al., 2000] have show n that a pulsed N 2 

gas jet could be successfully  em ployed to grow GaN film s w hich exhibited strong band- 

edge lum inescence at room temperature. The gas pulse w as synchronised with the 

expansion o f  the ablation plume so that it created a highly collisional environm ent, rich in 

excited nitrogen species'*®, for the duration o f  the plum e expansion. O therwise, such a 

dense environm ent could only be obtained by using a high static background gas 

pressure, as seen in this work.

In light o f  the d ifficulties identified with using the liquid target, and the dem ands placed  

on the plum e to supply the energy necessary for excitation o f  the background gas, it 

seem s that N? is not a suitable background gas for high quality GaN thin film  growth 

using liquid gallium . Preferably an external means o f  exciting the background gas should 

be em ployed to rem ove the high fluence requirements and reinstate the benefits o f  using a 

liquid target.

This pulsed gas delivery system  delivers ~  lO'’ N 2 m olecules to a region just over the ablated target. The 
valve on the je t is opened for ~  400 |is.



Chapter 6: Plasma-assisted PLD o f  GaN 102

6. Plasma-assisted PLD of GaN

6.1 Introduction

The suitability o f  nitrogen plasma discharge sources for the growth o f nitrides becomes 

apparent considering the observation by Newman [Newman, 1997] that atomic nitrogen, 

or the excited states o f neutral or ionised molecular nitrogen, provide sufficient energy to 

overcome the kinetic barrier to the reaction o f gallium and nitrogen at typical PLD 

growth temperatures and pressures (recall the energy diagram in figure 1.4). Many 

discharge sources also offer a reasonable degree o f control over the flux and type (i.e. 

molecular or atomic) o f activated species in film growth. The ideal source should provide 

excited species with low kinetic energies to limit sputtering o f the substrate and growing 

film [van de Riet et al., 1993]. Anders and co-workers have shown that in the small- 

anode DC discharge developed by Miljevic [Miljevic, 1984], the ion energies are less 

than 20 eV, and are suitable for MBE growth o f GaN [Anders et al., 1996]. Since a low 

pressure deposition environment (< 0.1 mbar) is required to operate this source, it should 

also be suitable for discharge-assisted PLD of nitrides. To date, a number o f other types 

o f plasma source (e.g. radio frequency [Fernandez et al., 2000; Basillais et al., 2002], 

electron-cyclotron resonance [Merel et al., 2001] and microwave [Deiss et al., 2001]) 

have been used in PLD with metal targets and yielded good control o f the IILV ratio in 

films.

Considering the obvious potential offered by a plasma-assisted deposition environment in 

PLD of GaN, an attempt was made to identify a simple means o f creating a nitrogen 

plasma which would promote nitride formation either during the plume expansion stage 

or at the film growth stage on the substrate (or both). Two types o f source were 

constructed; a “small-anode” discharge and a pulsed discharge which was ignited by the 

ablation plasma. A commercially available source was also acquired, and while all three 

sources provide active nitrogen in the deposition environment, the operation principle o f 

each differed considerably. The basic power and gas delivery requirements have been 

outlined in chapter 3 (section 3.3), and before discussing the operational features o f the
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individual sources, it is worth summarising some of the basic features of electrical 

discharges to understand the behaviour of these devices.

6.2 Glow discharges

Excitation and ionisation of a low pressure gas is simply realised by setting up a d.c. 

discharge between two electrodes (see figure 6.1). At a potential difference of a few 

volts, any free electrons in the gas will be attracted towards the anode and 

correspondingly ions towards the cathode, thus establishing a small current. Once all of 

the free charges have migrated to the electrodes and the saturation voltage is reached 

{Vi), further increasing the voltage difference has little effect on the discharge current 

until the voltage is increased above the ionisation potential of the gas (F^), in which case 

electrons accelerated through the electric field can acquire sufficient kinetic energy to 

ionise the gas. This initiates an accumulative process whereby the number of electron-ion 

pairs generated grows quickly (avalanche effect).

Townsend Ghw-discharge ArcLow pressure tube (Volt)

R

100 1(A)

Fig. 6.1 (a) Schematic of a typical d.c. plasma source for low pressure (1-100 mbar) 
discharges (left). The ballast resistor, R, is essential for normal glow-discharge operation, 
(b) Voltage-current characteristics of the d.c. plasma (right).

This effect alone will not sustain a glow discharge; however, secondary electrons

released from the cathode (due to bombardment by positive ions) provide enough charge
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to replenish the discharge region^'. The number o f electrons released per incident particle

at the cathode is given by the secondary electron emission coefficient, yse, which depends 

on the ion type and cathode material”*̂ [Penning, 1957; Chapman, 1976], When enough 

electrons are released from the cathode such that the current can grow exponentially, 

coronal discharges take place before the discharge sparks or breaks down at a voltage 

which depends on the product o f the pressure and the electrode separation {pd), given by 

the Paschen law:

Here Cy and C2 are experimentally determined constants know as the Townsend 

coefficients. For a fixed plate separation, d, there will be a minimum in the Paschen curve 

corresponding to a minimum pressure at which breakdown can occur. This feature o f d.c. 

discharges should be taken into account when designing a plasma source, if either the 

source pressure or electrode separation must be fixed. The Paschen curve for N2 has been 

reported by a number o f groups and is given in appendix F (see [Dakin et al., 1974] for a 

summary o f previously reported data). From this curve, the minimum break down voltage 

corresponds to a pressure-distance product value o f ~ 10 mbar mm. The electrode 

separation in our d.c. discharges is typically 5-10 cm; thus the pressure between the 

electrodes should be maintained at ~ 0.1 mbar so as to minimise the breakdown voltage 

requirements o f the device. In a basic d.c. glow discharge, where the parallel electrodes 

are o f the same dimension, most o f the potential drop is at the cathode, over a region 

where electrons acquire enough energy to ionise the gas.

Even ions with zero velocity at the cathode can liberate electrons, since for relatively inert gases, the 
potential energy o f  the ions is often > 10 eV, while the energy required to release a secondary electron is no 
more than a few eV.

The value o f  ŷ e also depends on the ratio o f  the electric field strength to the discharge gas pressure (E/p). 
Excited neutrals or photons bombarding the cathode can lead to secondary electron emission, but the 
photoelectric yield for pure metals at visible and near UV frequencies is only ~  lO"̂  [Chapman, 1976].

C^pd
(eq. 6.1)



Chapter 6: Plasma-assisted PLD o f  GaN 105

6.3 O perational features o f  the sm all-anode discharge

6.3.1 Im portance o f  the anode size in a sm all anode discharge

The constricted or small anode ion-electron source is based on the basic d.c. glow  

discharge outlined above but with one important change; the anode area is considerably 

less than that o f  the cathode. The effect o f  this change is to produce an intense region o f  

excitation and ionisation at the anode (a bright ball o f  plasma is observed at the orifice as 

illustrated in figure 6.3b). The reduced anode area leads to an increase in the electric field 

intensity within the anode sheath. In fact, the sheath thickness increases in order to 

maintain the current balance between the plasma and the anode[Anders and Anders, 

1995]̂ ^

.  A

^  \n o d c b a lL  ^

id

DN 63 

(CF)

R D.C.
supply

Fig. 6.3 (a) Cross-sectional schematic o f  the small anode discharge (left). The darkly 
shaded region represents the ceramic used to separate the cathode (C) and anode (A), and 
to cover most o f  the anode except for the orifice o f  diameter ((|)). The aluminium tube 
used to reduce the cathode-anode separation (s) is represented by the lightly shaded 
region. A double-sided DN40 CF adapter (304 stainless steel, 2mm thickness) was used 
as the anode, (b) A photograph o f  the small anode discharge constructed using aluminium

Anders and Anders compared the electron temperature and density in glow discharges with and without a 
small anode, noting a significant increase in both parameters when the anode diameter was reduced to 
below 3 mm, while the cathode was maintained at a few cm diameter.
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electrodes (C=cathode, A=anode) and a quartz tubing (note crack appearing in tubing as 
indicated by the arrow).

Normally, the anode potential drop is only about 10 V, which is insufficient to cause 

significant ionisation in this region. However, the ionisation rate is dramatically increased 

by the larger potential drop established by the reduced anode size, since the ionisation 

scattering cross-section for electrons with nitrogen molecules is maximised at ~ 100 eV 

(recall figure 1.8 [Tian and Vidal, 1998]). Along with the simplicity o f its construction, 

there are a number o f other reasons which make the small-anode discharge an attractive 

option for film growth:

• Low input power requirements. Once breakdown is achieved, a normal glow 

discharge will run at less than 100 Watt o f electrical power (RF and microwave 

sources typically consume several hundred Watts o f power).

• No high voltage electrodes in the deposition environment (grounded anode).

• High flux o f excited neutrals and ions with low kinetic energies.

• No hot filaments; can be used to activate corrosive gases e.g. oxygen.

6.3.2 Source construction

The basic design and materials used in the construction o f the small anode discharge cells 

were introduced in section 3.3; here we discuss some o f the operational features and 

plasma characteristics o f the sources.

Device #1: Aluminium electrodes/quartz separator^^'

The first device assembled consisted o f aluminium electrodes (35 mm diameter), 50 mm 

apart, separated by a quartz insulating tube. The anode was covered with a Macor® (AIN) 

ceramic disc, through which was drilled the small anode hole ((]) = 2 mm). Although the 

device produced a strong jet of luminous plasma which was projected into the deposition 

chamber (see figure 6.3b), it failed after a number o f trial runs because o f heating induced 

damage. Considering that the power dissipated at the cathode is (10-50) W, for a

This device was designed and constructed by Juan Castro at the Physics department, TCD. The initial 
operation and characterisation o f  the source was carried out by Eduardo de Posada (Physics department, 
TCD).
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discharge current o f a few hundred mA (-10  W will be dropped across the ballast 

resistor), the temperature can rise as quickly as a few tenths o f a degree per second in the 

absence o f an efficient heat removal system:

A T  AE P ~ 3 0 W  1 .
 = ----------= -------- = -------------------— ^rSO .SA j (eq. 6.2)
At m^c^At 1 00gx0 .9 Jg  K

In this estimation, rric and Cc are the mass and specific heat capacity o f the cathode, 

respectively. The nitrogen line to the cathode consisted o f a UHV grade nylon piping 

with low thermal conductivity (< 0.01 W cm '’K ''). Quartz is also a poor thermal 

conductor (-0 .00I W cm ''K ''); thus heat conduction away from the cathode is low in 

comparison with heat generation. Radiative losses at a few hundred °C are low in 

comparison with the rate o f heat generation (maximum power emission by radiation is ~7 

W for T=500 K, 5 cm diameter electrode, emissivity = 1).

Device #2: Stainless steel electrodes /  AIN  separator

A second device was constructed using a commercially available AIN separated DN 40 

CF adapter, the dimensions o f which are given below (figure 6.5). To reduce the risk of 

heating induced damage, the cathode was convectively cooled by a fan heater positioned 

directly underneath it (recall figure 3.3).

Fig. 6.4 Schematic o f the commercially available CF connector flange which was 
modified for use in construction o f the small anode plasma source. The separator in the 
photo is AIN ceramic.

Although this configuration proved to be quite robust, the plasma je t was noticeably less 

intense than observed with device #1. This is most likely due to the source dimensions.
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which in comparison with the first device show a greater electrode separation and, most 

importantly, a smaller cathode area (see table 6.1 below). While it was possible to reduce 

the electrode separation by fixing an aluminium tube to the cathode, this in effect only 

reduces the breakdown voltage (see appendix V), whereas the cathode area determines 

the total secondary electron current which can be extracted from the cathode in a normal 

glow discharge [Chapman, 1980a].

Parameter Device # 1 Device # 2 

s (cm) 5 7.6

A (cm^) 9.6 5.7

Table 6.1 Comparison o f electrode separation (s) and cathode area (A) in the small anode 
discharge sources built using the aluminium/quartz tube (device #1) and adapter (device 
#3) designs.

Although the pressure in the source could not be measured directly, a gauge was 

connected to the input N 2 line, approximately 10 cm from the cathode (see figure 3.2), 

and the readout compared with the pressure in the deposition chamber. Typically, the 

pressure required to establish a steady discharge was ~ (3-10) mbar, and the breakdown 

voltage was in the range (600- 800) V. By comparing with the Paschen curve in appendix 

V, it is clear that the discharge was not operating near the pressure-distance minimum 

(i.e. the minimum breakdown voltage in the N 2 Paschen curve is at ~ 400 V, when the 

p ^ d  product is 10 mbar mm).

6.3.3 Plasma characteristics of small anode discharge

The plasma generated by the small anode discharge was characterised using a cylindrical 

ion probe ((j)=0.13mm, 1=5 mm) with the SmartProbe system (see section 3.4.1.2).

Figure 6.6 shows the variation in ion current collected by the probe and the 

corresponding ion and electron densities calculated by the Smartprobe system. The values 

are over an order o f magnitude lower than those reported for a similar device used in 

plasma assisted MBE o f GaN [Anders and Anders, 1995]. The reduction in the measured
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ion current falls off faster than 1 / d A  , where d A  is the distance from the anode (the actual 

power dependence lies between 2.5 and 3) suggesting that recombination processes may 

be significant.
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Fig. 6.5 (a) Variation o f ion current (left) and (b) particle density (right) with distance 
from the small anode measured using the Smartprobe system. The inset (left plot) shows 
the ion current plotted on a log-log scale. The variation o f electron temperature with gas 
flow to the source is also included (inset, right).

The considerable fall-off in ion density over the first 7 cm makes the source somewhat 

inefficient in this position, considering that the target-substrate region is about 14 cm 

from the anode. A number o f alterations were made to the setup to try to reduce the 

source-target separation, but in each case, the cathode cooling requirements limited the 

positioning options. The ion and electron densities in figure 6.8(b) differ by almost half 

an order o f magnitude, which is unexpected considering that the measurements were 

taken well away from the anode sheath, in the absence o f any large electric field 

gradients. The reason for this discrepancy is not clear, but may be due to the fitting 

procedure in the Smartprobe software, since no correction was made for the flow velocity 

o f the plasma.

6.4 Hollow Cathode Plasma Electron Emitter (HCPEE)

6.4.1 Operational features
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As outlined briefly in section 3.2.3.2, the operational principle o f the HCPEE is 

somewhat different to the small anode discharge. The source o f electrons is a tubular 

device (see figure 6.7) heated to temperatures in excess o f 1000 °C, and the electron 

emission process is thermionic rather than via electrode bombardment (secondary 

electron processes).

Heating
elem ent Extraction

electrode

Probe

Ceram ic
mounting
collarsCF flange

Fig. 6.6 Schematic o f HCPEE indicating the power supply connections (H, Ci and C2) 
and the extraction (“keeper”) electrode connection (K). The ion probe used in plasma 
characterisation measurements was free to move in the vertical (y) plane, along the 
target-substrate axis.

As a result, heating induced effects play a huge part in the device performance. After 

several successful runs during which the plasma was characterised using the Smartprobe 

setup, the source failed to strike a discharge”*̂ , and plasma-assisted deposition with the 

HCPEE was limited to just a few film growth runs.

A common fault with this type o f  heating device is corrosion due to a low purity feed gas. For the 
HCPEE, the impurity level must be less than 1 ppm. In this case, the fault was due to contact being 
established between the extraction electrode and the tube which occurred over time as heating caused the 
electrode to droop downwards onto the element.
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6.4.2 P lasm a ch aracteristics o f  the H C P E E

Plasm a characteristics o f  the HCPEE w ere mapped along an axis perpendicular to the 

plasm a flow , as illustrated in figure 6.6 above. This axis w as 4 cm from the exit orifice o f  

the source, and passed through the substrate position (y =  0).
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F ig . 6 .7  Electron and ion density (left) and electron temperature measured using the 
Smartprobe system  along the target-substrate axis, 4 cm  from the HCPEE. The gas flow  
rate for all measurements w as 8 seem .

Figure 6.7 show s the variation along this axis o f  the electron and ion density as w ell as 

the electron temperature at an N 2 flow  rate o f  8 seem . The data indicates a strongly  

forward peaked distribution in all cases, but m ost importantly, the ion density is at least 

an order o f  magnitude greater than that measured with the small anode source. The 

variation o f  density and temperature with N 2 flow  to the HCPEE is illustrated in figure 

6.8. The unit is designed to operate with a user external anode to provide dense plasma- 

w hich can be maintained by the unit’s electron em ission current-downstream from the 

HCPEE. The device manufacturers suggested using a w ater-cooled ring as an anode and 

to bias the com m on on the HCPEE power supply to about -  30 V  with respect to this ring 

(w hich w as grounded). Unfortunately, the device failed before it w as possib le to establish  

whether this configuration leads to a higher ion density at the centre o f  the ring and to test
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its suitability for film growth. However, a film growth was carried out using the original 

configuration (section 6.6).
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Fig. 6.8 Characteristics o f  the HCPEE plasm a as a function o f  N 2 gas flow. The 
m easurem ents were taken directly in front o f  and approxim ately 4 cm downstream  from 
the source opening.

6.5 Pulsed discharge

6.5.1 O verview

The pulsed discharge configuration is simplest arrangem ent (both in term s o f  the 

electrical configuration and construction m aterials) o f  the three discharge sources tested 

in this w ork, as indicated by the experim ental setup illustrated in figure 3.5. Its tim e- 

averaged input pow er is also m uch less in com parison with the steady state discharges, 

thus the problem s associated with heating induced dam age are effectively avoided. 

Despite these advantages, the use o f  a high voltage electrode within the deposition 

cham ber invariably leads to arcing and possibly to sputtering o f  the film. It was found 

that at (0.05-0.1) m bar and a ring voltage o f  at least 100 V, plasm a em ission was clearly 

visible around the ring once the laser produced plasm a was generated (discharge was also 

evident by a jum p in the current and voltage gauges on the source).

6.5.2 D ischarge profiles for the ring electrode
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The current discharged by the capacitor in the charging circuit (chapter 3, figure 3.5) was 

determined by noting the voltage drop across a small resistor (0.3 Q) in series with the 

capacitor. The discharge profiles for the ring at positive and negative charging voltages 

are presented in figure 6.9. In all cases, an increase in charging voltage leads to an 

increase in discharge current.

Negative charging Positive charging
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0.05 m bar,(-200 V) 
0.1 mbar, (-100 V) 
0.1 mbar. (-200 V)

2 5 -

2 0 -

>
S, 1 5 -05
CD

O
>  1 0 -

5 -

10 15 20  250 5

A  -

^  -8 -  
0)
05

2  - 12 -  

o >
-16 -

0.05 mbar, (+100 V ) 
- ^ 5 — 0.05 mbar, (+200 V ) 

0.1 mbar, (+100 V) 
^ ^ 0 . 1  mbar, (+200 V)

-20 -

-24 -

0 2 6 8 104

Tim e (ns) T im e (^s)

Fig. 6.9 Discharge profiles for the ring electrode measured using a small resistor in series 
with the charging capacitor.

The effect o f background gas pressure on the temporal behaviour o f the discharge is 

interesting; for both positive and negative charging, the increase in pressure delays the 

discharge onset (see table 6.2). However, for negative charging at 0.1 mbar, it seems that 

the time at which the discharge takes place is also dependent on the charging voltage. 

Furthermore, discharge takes place at earlier times when the ring is positively charged, 

presumably because electrons reach the electrode at earlier times when biased positive in 

comparison with positive ions when biased negative. Such variation in temporal 

behaviour will have important consequences for film growth, and synchronisation o f the 

discharge duration with the plume arrival period to the substrate is likely to promote 

nitridation o f any free gallium.
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p (mbar) V (Volt) Q e  ( f iC ) CxV (^C) tm ax  (^s) FWHM (fis)

0.05 -100 30.2 47 8.0 1.4

0.05 -200 101.4 94 8.2 1.7

0.05 100 40.7 47 3.6 2.1

0.05 200 102.3 94 3.2 1.8

0.1 -100 41.0 47 21.6 1.4

0.1 -200 114.3 94 16.8 1.4

0.1 100 41.3 47 4.7 2.2

0.1 200 104.0 94 4.9 1.8

Table 6.2 Comparison o f the integrated charge {Qe) determined from the discharge 
current profiles in figure 6.14 and the charge stored on the capacitor (Q=CV). Also 
included is the time (xmax) corresponding to the peak voltage and the FWHM of the 
discharge profile.

Considering that the time o f flight for the ionic component o f the plume to a substrate, 

typically at 4 cm, in 0.1 mbar is about 5 |is when using a fiuence o f a few J cm'^ (e.g. see 

figures 4.8 and 5.9), it seems that positive charging is more suited to synchronisation of 

the discharge with the arrival of the ions. In any case, the timing o f the discharge appears 

to vary greatly with background gas pressure when the ring is negatively biased. The total 

charge stored by the capacitor ( 0 ,  which is given in terms o f the capacitance, C, by 

Q=CV, is compared with the time integral o f discharge current in table 6.2.

6.5.3 Ion probe characterisation of the pulsed deposition environment

Since this type o f discharge takes place over a relatively short duration (< 100 |is), the 

Koopman circuit rather than the Smartprobe system (section 3.4.1) was used in 

conjunction with an ion probe to monitor the plasma behaviour. The probe was shielded 

using a grounded metallic mesh or cup (i.e. a Faraday cup) to prevent a discharge from 

being setup between the ring and probe (see fig. 6.10 below).
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Probe,

Grounded casing

HVIon probe
Faraday cup

Ring^
electrodi Plume

Deposition chamber

Fig. 6.10 Schem atic o f  ring electrode and ion probe configuration used for characterising 
the pulsed discharge environm ent. The probe was encased in an electrically grounded 
stainless steel cage (Faraday cup) and was biased at -30 V for all m easurem ents (the 
com plete details o f  the electrical circuit are outlined in figure 3.5).
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Fig. 6.11 Ion probe TOF signals for G a target ablation in 0.05 m bar N 2 at negative (left) 
and positive (right) charging voltages. The probe was negatively biased w ith respect to 
ground (-30 V) in all cases (d=7 cm).

Figure 6.11 shows the ion probe TOF signals for ablation in 0.05 m bar N 2 at positive and 

negative charging voltages. In all cases the probe was biased at -30 V to repel electrons 

and to detect the positive ion contribution in the plasm a (target -  probe distance = 7 cm). 

The profiles indicate a dependence on charging voltage for both the TOF and type o f
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charge collected, sim ilar to the behaviour observed in discharge profiles (fig 6.9). Unlike 

the probe signals for a positively charged ring (right), a negative current is detected when 

the charging voltage was increased to -200 V in 0.05 mbar. This is som ew hat surprising 

since the probe is negatively biased with respect to the grounded casing, though it is 

positively biased with respect to the ring { V p r o b e - n n g =  +170 V). Therefore, the negative 

sw ing in the probe signal is most likely due to a discharge being established between the 

probe and the ring. This potential difference is too low to breakdow n m olecular nitrogen 

in its ground state (recall the m inim um  o f  the Paschen curve is at ~ 350 V, appendix V), 

indicating that the gas is already been ionised to a significant extent (m ost likely due to 

fast electrons) before the main ring discharge takes place.

At 0.1 m bar (figure 6.12), the signals show a sim ilar trend, with the TOP at negative 

charging depending on the charging voltage, while for positive charging, the variation is 

in the m agnitude o f  the signals alone.
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Fig. 6.12 ion probe signals for G a target ablation in 0.1 m bar N 2 at negative (left) and 
positive (right) charging voltages. The ion probe signal in the absence o f  a charged ring 
w as too small to detect at this distance (7 cm) and fluence (1.5 J cm'*).

A t negative charging, only a negative current is detected by the probe. Therefore, it is not 

possible to  draw  any conclusions regarding the dynam ics o f  the positive ionic com ponent 

o f  the plum e since the probe signal seems to be dom inated by the probe-ring discharge.
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An interesting feature o f  the TOF signals for positive ring charging is the duration over 

w hich an ion current is detected. W hile an ion current is detected for ~ 10 |is  w ithout the 

ring discharge, this duration is extended several times once the ring is charged to a few 

hundred Volts. This feature is illustrated m ost effectively in the case o f  ablation at 0.1 

m bar, w here a significant ion current is detected with the discharge w hile there is 

negligible signal w ithout (the grounded cage and increased distance leads to very little 

charge reaching the probe at 0 .1 mbar). It still rem ains unclear as to w hether the plum e or 

background gas (or both) are being ionised, but in any case, the technique provides an 

efficient m eans o f  supplying energy to a deposition environm ent where medium  to high 

background gas pressures would otherw ise reduce the kinetic energy o f  the plume.

6.6 Plasma-assisted PLD of GaN

A num ber o f  film growth experim ents were carried out to test the suitability o f  the three 

plasm a sources, in PLD o f  GaN. Using optical reflectivity, the growth rates o f  films 

grown with the various plasm a sources were com pared with those o f  film s grown under 

sim ilar conditions using m olecular nitrogen. The following sections sum m arise the 

prim ary film growth results, with em phasis again placed on the growth rate and 

crystalline quality o f  the material.

6.6.1 Film growth with the small anode discharge

The small anode discharge source was used in conjunction with a gallium  target, and 

operated at a flow which resulted in a cham ber pressure o f  (0.1-0.3) m bar (deposition was 

carried out using a fluence o f  1.5 -  4 J cm"^). As was observed when using N 2 , a limiting 

gas pressure o f  ~  0.2 m bar and fluence o f  ~  3 J cm'^ determ ined whether grow th took 

place or not, but no significant difference in the actual growth rate was noted when 

com pared to growth in N 2 . Likewise, the crystalline properties o f the film s grown using 

the small anode source showed little difference com pared with those grown in N 2 . In fact, 

the substrate tem perature was again the critical factor w hich determ ined w hether the 

film s were highly oriented along the c-axis or poorly polycrystalline. Thus it w ould seem 

that in its present state o f  operation, the small anode source presents no significant 

advantage over N 2 in PLD o f  GaN.
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6.6.2 Film growth with the HCPEE

W hile the tem peram ental nature o f  the HCPEE limited its use in film growth to ju s t a few 

deposition runs, both the reflectivity and XRD results for these films showed that the 

source may be quite suitable for plasm a assisted-PLD  o f  GaN. The H CPEE was used in 

conjunction with a GaN target, and at a gas flow o f  20 seem which corresponded to a 

background gas pressure o f  0.05 m bar N 2 . A t a fluence o f  2.5 J cm'^, reflectivity 

m easurem ents showed an increase in the growth rate from 0.06 to 0.08 nm per shot. 

Perhaps more im portantly, XRD (figure 6.13) revealed that the grain size for the film 

grow n using the HCPEE was nearly 50 % greater (41 nm com pared to 27 nm) than that 

o f  the film grown in N 2 .

700 °c 
2.5 J cm'^ — t . - - 0.05 Nj 

 0.05 HCPEE

38 4232 34 36 40
26

Figure 6.13 XRD scans o f  the GaN (0002) peak for film s grown on sapphire at 700 °C 
using a GaN target with the HCPEE (solid line) and N 2 (line & symbol). The target- 
substrate distance was 4 cm.

6.6.3 Film  growth w ith the pulsed discharge

W hile the pulsed discharge was used in conjunction with both Ga and GaN targets, it 

proved m ost effective with the G a target where it was shown to prom ote strong c-axis 

growth at a pressure as low as 0.1 m bar (recall that the crystalline quality o f  film s grown 

in 0.1 m bar N 2 w as quite poor, w hile the growth rate was extrem ely slow). Figure 6.14a 

shows the XRD scan o f  a film grown at 700 °C (3 J cm  ") using the ring electrode which 

was charged at +200 V. The film appears to be highly oriented and the (10 I 0 ) or (10 1 1)
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peaks observed in scans o f films grown in m olecular nitrogen are absent. Despite this 

noticeable im provem ent in crystalline quality, the grain size (26 nm) corresponding to the 

(0002) peak width is significantly less than the largest values obtained using the GaN 

target (> 40 nm). Interestingly, the reflectivity for this film growth suggests considerable 

surface roughness, as indicated in figure 6.14b.
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Fig 6.14 Structural and optical characteristics o f  a film grown using the pulsed ring 
discharge and a Ga target in 0.1 m barN a (Ts=700 °C, fluence = 3 J cm'^). (a) XRD scan 
show ing a strong c-axis orientation and (b) reflectivity'*^ for the growth period indicating 
considerable surface roughness. For a com parison with GaN growth from a G a target 
(which required at least 0.2 m b a rN 2) see figures 5.14 and 5.15 in chapter 5.

6.7 Conclusions: device suitability for G aN growth

This chapter has attem pted to identify a suitable m eans o f  providing excited and ionised 

nitrogen species for PLD o f  GaN. Though the range o f  conditions investigated were 

som ew hat limited, both the plasm a characteristics and film properties highlight the 

advantages as well as the drawbacks associated with each source;

•  W ith the small anode discharge, the flux is greatly affected by the cathode-anode 

ratio which m ust be m axim ised to obtain a considerable increase in the anode 

sheath. In its present configuration, the ion flux m easured at the substrate position

This film was grown on double side polished sapphire; thus the amplitude o f  oscillation differs from 
previous results.
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appears to be too low to considerably improve either the growth rate or crystalline 

quality o f films grown from a Ga target.

• The HCPEE source provides a considerable flux o f ions to the substrate region as 

evidenced by the Smartprobe measurements. Since the discharge runs at only a 

few volts, it is also suitable for providing ions and excited neutrals with low 

kinetic energy. However, high purity gas requirements and heating induced 

damage limit its effectiveness in its present configuration.

• The pulsed discharge appears to provide a sufficient degree o f background gas 

activation to promote GaN growth from the Ga target at significantly lower 

pressures than those required for growth in molecular nitrogen. The average 

power consumption o f the pulsed discharge is considerably less than that o f the 

other sources, thus avoiding problems associated with heating induced damage, 

while at the same time being long enough to extend well beyond the arrival 

duration o f the ionic component o f the plume to the substrate. The discharge is 

better synchronised with the arrival o f the plume when the ring is positively 

charged, and therefore better suited to plasma-assisted film growth when this 

charging polarity is used.

The use o f a pulsed discharge offers a distinct advantage over continuous operation in 

that heating induced damage is considerably limited. It is also an efficient means o f 

synchronising the nitrogen and gallium fluxes. Despite the effort invested in construction 

and characterisation o f the small-anode source, it seems clear that in its present 

configuration it is not operating efficiently. If the flux output from the small anode source 

can be optimised, then it may be worth investigating the possibility o f running the 

discharge in pulsed mode to reduce heat generation at the cathode.
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7. PLD of GaMnN

Introduction

Diluted magnetic semiconductor (DMS) growth has recently become an area o f intense 

research with the aim o f developing room temperature semiconductor-based spin- 

transport electronic (spintronic) devices for regulating the flow of spin-polarised current 

[Ball, 2000], The growth o f DMS materials involves doping a semiconductor like GaAs 

or GaN with small concentrations o f a transition metal such as Mn or Fe, however the 

thermal equilibrium solubility o f Mn in IIl-V semiconductors is less than 1 % [Tanaka, 

1998], whereas higher concentrations'^^ are predicted to be necessary for room 

temperature ferromagnetic behaviour in GaMnN [Dietl et al., 2000] and AlMnN 

[Litvinov and Dugaev, 2001], Reed et al. [Reed et al., 2001] have succeeded in obtaining 

room temperature ferromagnetic GaMnN films; they used PLD to deposit a Mn layer on 

MOCVD-grown GaN and annealed the sample at 250 -800 °C and obtained ~ 1% Mn 

films which showed hysteresis at 300 K. Recently, Hori et al. [Hori et al., 2002] have 

grown single phase GaMnN films with up to 5% Mn, using low-temperature MBE and 

have observed ferromagnetic behaviour at temperatures as high as 700 K. It may also be 

possible to incorporate such comparatively high Mn concentrations in PLD-grown DMS 

films using magnetically doped targets, as the PLD film growth process is often far from 

equilibrium [Fukumura et al., 1999]. Much interest has been generated by recent reports 

o f high temperature ferromagnetism in various doped wide bandgap oxides grown by 

PLD, in particular, the observation o f a giant Co moment in Co-doped tin oxide [Ogale et 

al., 2003]. Although, similar high temperature ferromagnetic behaviour has yet to be 

reported in PLD-grown magnetically doped nitrides, it seems that PLD is a promising 

technique for the growth o f these materials.

This work serves to establish whether PLD can be used to achieve the 5% Mn 

concentration required for room-temperature ferromagnetism without separation into any

Concentrations are generally quoted in atomic rather than mass per cent; the same convention is adopted 
for this chapter.
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number o f manganese nitride or manganese gallium phases identified in GaMnN samples 

prepared by some o f the more conventional film growth techniques (as discussed in 

section 7.1.2). Before discussing the characteristics o f both the Mn-doped targets and 

films, some properties o f Mn and its nitrides are firstly considered.

7.1 Properties o f manganese and its nitrides

7.1.1 Properties o f Mn

Mn is a transition metal which is widely used to strengthen steel and to create highly 

ferromagnetic alloys, though pure Mn metal is brittle and is antiferromagnetic'^* [Ching et 

al., 1995]. Mn has a cubic structure (ao=8.91 A) and while it has a much higher melting 

temperature (1245 °C) than gallium (29.8 °C), its boiling point is lower at 2100 °C (vs 

2227 °C for Ga). The heat o f vaporisation (280±10 kJ mol ')'‘̂  for Mn is slightly greater 

than that o f Ga (264 kJ mol ' [Geiger et a!., 1987]) as is the vapour pressure over Mn 

(figure 7.1).

2500 K 1250 K 830 K

—  Mn (Ehlert et al.)
—  Ga (Geiger e ta l.)
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Fig. 7.1 Vapour pressure over Mn calculated using heat of vaporisation measured by 
Ehlert [Ehlert, 1969]. Also included (dashed line) is the vapour pressure over Ga [Geiger 
et al., 1987], as presented in figure 1.5.

At room temperature, Mn behaves paramagnetically, since its Neel temperature is -1 0 0  K. [Ching, 1995]. 
There is some variation in the reported values o f  the heat o f  vaporisation for Mn, ranging form (270-290) 

kJ mol"'; this is discussed in greater detail in [Ehlert, 1969].
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M anganese is known to take a number o f  valence states in crystals, but m ost often is +1 

or +2  in nitride com pounds (see table 7.1 below  for ionic radii). Its first ionisation  

potential is 7.4 eV  w hich is higher than that o f  Ga (6 eV).

V alency R mii(A ) Rca(A)

+2 0.67

+3 0 .58 0 .47  {0 .62}

+4 0.39 {0 .53}

T a b le  7.1 Ionic radii in crystals for som e o f  the valence states o f  Mn and Ga [Lide, 1998] 
o f  coordination number (C N ) =  6 {the values in curled parentheses are for C N = 4}.

7 .1 .2  M an gan ese n itride

M anganese is known to form a number o f  bulk nitride phases which vary in M n:N ratio 

from the stoichiom etric M nN (0) phase to the Mn-rich Mn4N  (e) phase [Takei et al.,

1962; Suzuki et al., 2000]. Intermediary crystalline com pounds w hich have also been  

identified include M n3N 2 (t) phase) and M nsN 2 or Mn2 N  (both o f  the latter belong to the 

^ phase). The 6 and r) phases form face-centred tetragonal structures [Yang et al., 2002], 

w hile the 8 phase is face-centred cubic [Takei et al., 1962]. The stability o f  the various 

phases w as show n by Suzuki et al. [Suzuki et al., 2000] to be strongly temperature 

dependent. They annealed MnN at temperatures ranging from 670 -  1180 K and noted 

that as the temperature was increased, so w as the Mn:N ratio, eventually resulting in 

Mn4N , once a temperature o f  1068 K w as reached. This trend o f  using higher preparation 

temperatures in order to obtain a higher Mn:N ratio is reported elsew here [Mah, 1958]. 

W hile it is d ifficult to compare the reactivity o f  gallium  and m anganese w ith nitrogen it is 

interesting to note that Mn4 N  can be prepared from heated (1200 K) Mn powder under a 

flow^° o f  N 2 [Mah, 1958]. Nitridation o f  Ga using N 2 under similar conditions has not 

been reported, and GaN crystal growth (~ 0 .1 mm per hour) requires temperatures in 

excess o f  1600 K and N 2 pressures o f  15-20 kbar [Grzegory et al., 1993].

Although not specifically stated in the report by Mah, this was presumably near atmospheric pressure. 
The preparation time was 31 hours.
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There are a number o f  further points concerning Mn and its nitride w hich are likely to 

have particular relevance to GaM nN thin film  growth:

•  The unit cell o f  the MruN phase consists o f  six strongly bonded divalent Mn (II) 

face-centred atoms and the com er sites are occupied by eight univalent Mn (I) 

atoms [Takei et al., 1962], which can be relatively easily  substituted by Ga to 

form com pounds o f  the form Mn4 -xGaxN [Garcia et al., 1983a].

•  M n4 N is ferromagnetic with quite a high Curie temperature (756  K) [Garcia et al., 

1983b]. The 0 and r| phases are considered to be antiferromagnetic, with N eel 

temperatures o f  650 K [Suzuki et al., 2000] and 925 K [Tabuchi et al., 1994] 

respectively.

•  The solubility o f  nitrogen in liquid Ga can be increased by adding sm all amounts 

o f  Mn to the molten metal [K elly et al., 2003].

7 .1 .3  M n d op in g  o f  G aN

Efforts to dope GaN with relatively small (1-10  at. %) concentrations o f  Mn using  

thermal annealing processes have been hampered by the com paratively low  solubility o f  

Mn in III-V structures. For exam ple, Szyszko and co-workers [Szyszko et al., 2001] have 

show n that the Mn solubility in GaN w as limited to 0.9 % when Mn and GaN powders 

w ere therm ally annealed in an N H 3 flow  (they identified M nGa alloys when high Mn 

concentrations w ere used). MnGa alloys (particularly M nsGaN) have also been identified  

in sam ples w here the solubility limit has been exceeded [Reed et al., 2001; Thaler et al., 

2002]. U sing  M BE, it w as eventually demonstrated that single phase GaM nN growth, 

with up to 9 % M n, w as possib le at a substrate temperature o f  750 °C [Overberg et al., 

2001; Pearton et al., 2002]. This is a relatively high substrate temperature for M BE  

growth^’ o f  GaN [Pow ell et al., 1993], which is surprising in light o f  the reports by Ohno 

et al. [Ohno, 1998], w ho found that the solubility limit in M n-doping o f  G aA s could be 

increased by depositing at a com paratively low  substrate temperature for G aA s epitaxy (~  

250 °C). An important point to note for m agnetic applications is the fact that Mn ions

GaN growth by MBE is typically carried out at (400 -700) °C
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occupying Ga sites in the GaN lattice act as acceptors (+2 valence state) [Soo et al., 2001] 

with spin = 5/2 [Zajac et al., 2001],

7.2 Target preparation and characterisation

7.2.1 Powder mixing

The targets used to grow GaMnN thin films were powdered pellets, pressed and sintered 

according to the procedure outlined in section 3.2.1.1 (12 hours at 700 °C). Manganese 

nitride powders are not widely available (i.e. commercially); therefore, Mn (99.999%) 

powder was mixed with the nitride powder (99.99%). The reaction stoichiometry during 

the sintering process is somewhat unclear, since we are unaware^^ o f  any thermodynamic 

data regarding the preparation o f GaMnN in N 2. However, from the discussion above, it 

seems clear that Mn will only be incorporated into the GaN target lattice up to about 1%, 

and above this value Mn or any o f  the manganese nitrides (or at high Mn concentrations, 

a MnGa alloy) are likely to make up the remaining species in the target. In order to 

maintain a consistent mixing procedure, it was assumed that the reaction proceeded, in 

terms o f  the Mn concentration, x, according to the following equation:

xMn + { \ - x ) G a N  + Ga^,_^^Mn^N (eq. 7.1)

Three targets were prepared, using Mn atomic fractions {x) o f  0.02, 0.05 and 0.1 in the 

initial powder mix. Although a ceramic target was used for all o f  the GaMnN film growth 

experiments to date, a MnGa metallic mix has also been recently prepared^^ which 

consists in 5% Mn in Ga. Mn is relatively insoluble in Ga (at room temperature, Mn 

solubility in Ga is ~  1-2% [Massalski, 1990]), and an ultra-sonic bath was required to 

bring the Mn into solution with liquid Ga at about 100 °C.

M n 3 GaN has been prepared in N 2 , but using m anganese nitride (Mna+xN), Mn and Ga pow ders [Garcia et 
al., 1983a].

T his alloy w as prepared by David D oyle  at the chemistry department, Trinity C o llege  Dublin.
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7.2.2 ED AX m easurem ents on targets

After the pressed pellets were sintered, the Mn;Ga ratio at different regions o f the target 

surface was measured using energy dispersive X-ray analysis (EDAX, see 3.4.3 for 

equipment details). From figure 7.2, it seems clear that while at 2% Mn the measured 

values agree reasonably well with the initial mix, there is considerable variation in the 

Mn:Ga ratio at the largest concentration o f 10% indicating that homogeneous mixing is 

not occurring at the higher mixing concentrations. It is unlikely that sintering at 700 °C 

has the desired effect o f providing Mn atoms with sufficient energy to diffuse through the 

target (recall the decomposition temperature limits discussed in section 3.2.1.1). The 

limited nature o f the sintering process is further evidenced by the density o f these targets, 

which was again well below the single crystal value (~60 %). Therefore, unless a high 

pressure sintering facility is available, sintering under these conditions is likely to achieve 

little more than a slight improvement o f the mechanical strength o f the pellet.
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Fig. 7.2 Comparison of Mn:Ga ratio in sintered targets to the Mn:Ga ratio in the initial 
target mix for targets prepared with 2, 5 and 10 at.% Mn powder. The measurements 
(triangles) were carried out on freshly sintered targets, except for one analysis (circle) of 
the laser track, i.e. ablated, region.
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7.2.3 XRD analysis o f targets

The target powders, both before and after sintering, were analysed using X-ray diffraction 

(XRD) in the 0-29 configuration. Figure 7.3 compares the XRD scans for Mn doped 

targets with the patterns o f the pure GaN and Mn powders used in preparing the mix.

GaN
( 1011 )

GaN
( 1010)

6000- 2 % Mn Target

GaN
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GaN
(0002)

Mn
(330)

GaN
( 1012)

(332^(400)
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20

6000- 10% Mn target

Mn (521)

20

6000- 2 % Mn Target
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GaMnN

Mn
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6000- 10% Mn target

GaN
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GaMnN
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Fig.7.3 X-ray diffraction patterns for the various powders used in GaMnN target 
preparation. In each plot the top, middle and bottom scans are for GaN, GaMnN and Mn 
powders, respectively. The plots on the right hand side show the emergence o f Mn peaks 
in the range 20 = (40-50) degree.

In both cases, the Mn doped targets show traces o f Mn, i.e. the (330) peak, indicating that 

Mn has not been completely incorporated into the lattice (these scans were taken using 

powders which were scraped from the target surface). While a change in lattice parameter
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would be expected for the doped powders compared with pure GaN, at least up to the 

solubility limit (~1% Mn), no significant shift was measured in the corresponding peak 

positions.

7.3 C haracterisation  of the deposition environm ent

7.3.1 Ion probe m easurem ents

The plasma characteristics o f the deposition environment for ablation o f pure and doped 

(10 % Mn) targets in high vacuum were monitored using the Langmuir ion probe setup 

outlined in 3.4.1.1. The integrated ion flux per shot and the velocity associated with the 

maximum ion flux in high vacuum (as a function o f fluence) extracted from the ion TOF 

signals are plotted in figure 7.4.
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Fig. 7.4 (a) Total integrated charge collected by the probe per shot at various fluences 
(left) and (b) velocity (corresponding to the maximum ion flux) increase with laser 
fluence for GaN (squares) and Mn doped (10%) GaMnN (circles) targets. The velocity 
(rather than the ion energy) has been plotted, since the identity (and thus the mass) o f the 
ions is not known.

There appears to be a significant difference in the integrated flux near the ablation 

threshold, which might be related to the higher ionisation potential o f Mn (section 7.1.1). 

While the ion velocity (associated with the maximum ion flux) for GaMnN target 

ablation was marginally higher than the GaN target case (figure 7.4b), the uncertainty in
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the target-probe distance (± 1 mm) could account for this discrepancy. Nevertheless, the 

ionic mass difference may be a significant factor in determining the ion velocity

G a /  = 1.2 as has been observed in laser ablation o f multi-component compounds

[Geohegan, 1994],

7.3.2 Reflectivity analysis of GaMnN growth on sapphire

Optical reflectometry was used to monitor the optical properties and growth rate o f films 

grown from Mn doped targets (see section 3.3.2 for details o f the reflectivity setup). The 

target substrate distance, fluence and background gas pressure were maintained at the 

same values used in growth o f pure GaN. Thus, these measurements allow us to make 

some direct comparisons on the effect o f introducing Mn to the films.
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Shot number

Fig. 7.5 Reflectivity for a film grown at 800 °C from a 10% Mn target (circles) in 0.1 
mbar N 2 at 2.5 J cm'^, and the fit (solid line) which yields a growth rate o f 0.07 nm per 
shot. Also included is the reflectivity for a GaN film (squares) grown at 750 °C using the 
same fluence and gas pressure. The fit to this data yielded a refractive index o f f t  =2.38- 
/0.08.

In general, the reflectivity signals showed little change in comparison with the undoped 

GaN growth, particularly when using the targets with lower Mn concentration (<5%). 

However, some of the Mn doped films showed stronger absorption at the reflectivity 

wavelength; this was most noticeable in a film grown from the 10 % Mn target in 0.1
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m bar N 2 , as illustrated in figure 7.5. This film was grown at a com paratively high 

tem perature o f  ~  800 and, in addition to the increase in optical absorption noted 

already, the growth rate seemed exceptionally high for these deposition conditions (0.1 

m bar N 2 , 2.5 J cm '") and substrate tem perature. The increase in both the optical 

absorption and growth rate is m ost likely due to the high concentration o f  M n in the film 

which, using EDAX, was m easured as 25% (see next section for details). Mn 

incorporation in InM nAs was shown to reduce the bandgap and resulted in a red-shift (by 

~  50 m eV) o f  the absorption spectrum [M unekata et al., 1989]. The lum inescence o f  

novel “ Spin-LEDs^^” fabricated with a GaM nN layer was also considerably reduced in 

com parison with non-m agnetic devices [Polyakov et al., 2003].

7.4 Post grow th characterisation o f G aM nN thin films 

7.4.1 EDAX

Film s grown using the Mn doped targets were characterised using SEM and EDAX in the 

variable pressure m ode (see section 3.4.3 for details). A lthough Al and O from the 

substrate are likely to be detected (figure 7.6) because the sam pling depth is greater than 

the film thickness, the technique is sufficiently accurate to establish the ratio o f  the 

heavier m etallic elem ents, i.e. G a and Mn, in the film. In general, the film s showed 

higher M n:G a ratios than in the target (table 7.3), though the Mn concentration also 

appeared to increase with substrate tem perature.

Target Film (700 °C) Film (800 °C)

0.02 0.035 0.05

0.1 0.2 0.25

Table 7.3 M n:G a ratio in the target and in films grown at 700 °C and 800 °C.

The reason for using such high temperatures was because o f  the apparently higher crystallisation 
temperatures required for Mn doped samples (see section on XRD results).
”  The phrase "Spin-LED” has been generally associated with LED structures which incorporate a 
ferromagnetic layer in the multilayer structure. Some degree o f  control over the output polarisation o f  the 
emitted light can be achieved by placing the LED in an externally controlled magnetic field.
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The reason for the higher Mn concentration at elevated temperatures is most likely due to 

the greater tendency for Mn to form a nitride at these temperatures. Otherwise, Mn might 

be expected to evaporate at a greater rate from the film surface, since it has a higher 

vapour pressure than Ga at these temperatures (see figure 1.1). The high Mn 

concentration measured in films grown using the 10 % Mn target may also be responsible 

for the strong optical absorption observed in the reflectivity traces for these films (figure 

7.5).

H  * Analysis3 GaMnN (Savrple "2")

C«

keV

Fig. 7.6 Typical EDAX spectrum for a Mn doped film (this particular film had 5% Mn). 
Low-Z elements are detected at the low end o f the energy scale. The A1 contribution is 
from the sapphire substrate, as is most o f the oxygen.

In order to establish whether any free Mn was present in the films, as was identified by 

XRD in the sintered targets, EDAX mapping was carried out on a number o f regions of 

the film. Figure 7.7 shows a map o f the three constituent elements (i.e. Ga, Mn and N) of 

a sample which showed 20% Mn by EDAX analysis. The images are approximately 

80x60 microns in area and show no large clusters o f Mn, at least on a micron scale. The 

SEM image also included in this figure (bottom right) indicates that the films have a 

considerable fraction o f micron-sized droplets.
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Fig. 7,7 EDAX map o f Ga (top left), Mn (top right) and N (bottom left) elements in a 
film which contained 20% Mn, as measured by EDAX (frame size- 80 |im x 60 fim).
The artificial colour coding allows easy identification of elements (higher concentrations 
are denoted by brighter colouring). Also included is an SEM image (bottom right) o f the 
mapped region.

7.4.2 XRD

X-ray diffraction measurements o f the films grown using the Mn doped targets revealed a 

strong dependence o f the crystalline quality on both the Mn concentration in the films 

and the substrate temperature used. Figure 7.8 compares the XRD scans o f two films 

grown at 700 °C and 800 °C using the 10 % Mn target with that o f a film grown at 700 

°C using an undoped GaN target. From these spectra, it seems that a number of 

unidentified phases are present in the films (labelled A, B and C), although at 800 °C, the 

(0002) peak associated with c axis GaN growth dominates. The peak is shifted to lower 

angles by ~ 0.2° from its expected position, indicating an expansion in the lattice 

perpendicular to the substrate (Ac~0.01 A), most likely due to the incorporation o f the 

larger Mn^^ ion into the lattice structure.
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Fig. 7.8 Diffraction patterns for films grown using the 10% Mn target at a substrate 
temperature o f 700 °C (middle) and 800 °C (bottom) in 0.05 mbar N2 at 2.5 J cm'^. The 
top panel shows the XRD pattern o f a film grown under the same conditions but using an 
undoped GaN target. The peaks labelled “S” were also observed XRD scans o f the 
substrate. Peaks A, B and C are discussed in the text.

Interestingly, while the films grown at 700 °C using a 2% Mn target show a similar 

variety o f phases and unidentified peaks (figure 7.9), the film grown at 800 °C using the 

2% Mn target (5 % Mn in film) only showed a single diffraction near the expected 

position o f the GaN (0002) peak. Presumably, this is single phase GaMnN. The origin o f 

the peaks labelled A to E in figures 7.8 and 7.9 is unclear at this point though “E” may be 

due the (lO 11) reflection associated with the wurtzite phase o f the nitride. One might

expect that these comparatively high temperatures would favour the formation o f rj-phase 

MnsNa or s-phase Mr^N nitrides, as observed in MnN annealing experiments (section 

7.1.2). However, we were unable to match these unidentified peaks with any o f the 

reported manganese nitride phases, although the data on Mn4N is in any case somewhat 

limited. Furthermore, there seems to be some disagreement in the measured value for 

Mn4N, with values o f 3.865 A [Takei et al., 1962] and 3.846 (PDF # 01-1202) being
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reported for thermally annealed sam ples. Sim ilarly, Mn4N  film s grown on glass  

substrates using a sputtering technique show ed a significant variation in lattice parameter 

(within the range o f  values given above) with substrate temperature [Ching et al., 1995],

A search o f  the listed m anganese gallium  alloys also show ed no definite m atches w ith the 

unidentified peaks, though the shoulder on the (0002) peak at -3 3 .1 °  (figure 7.8 , bottom) 

could be due to the hexagonal MnsGa (1100) phase for w hich a peak is expected at 

31.155°. It may be possib le that the ferrimagnetic^^ M nsGaN phase, w hich has been  

observed previously [Reed et al., 2001] in thermally annealed GaM nN sam ples, is present 

in the film , but w e w ere unable to obtain any crystallographic data on this phase.

10̂
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F ig . 7 .9  X R D  patterns for film s grown using the 2% Mn target at a substrate temperature 
o f  700  °C (m iddle) and 800 °C (bottom ). The peaks labelled “s” were identified as 
originating from either the sample holder or silver paint. The top panel is an X R D  
spectrum o f  pure GaN on sapphire.

It should be noted that in these X R D  scans, a number o f  peaks were identified as 

originating from the substrate; these peaks are labelled “S” in figures 7.8 and 7.9. The 

peak at ~  40° is m ost likely a W impurity line, since the N i filter w as not used for these

0002 (0006)

(700 C

(800 C

A property exhibited by materials whose atoms or ions tend to assume an ordered but nonparallel 
arrangement in zero applied field below a certain characteristic temperature (Neel temperature).
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measurements, whereas the peak at 37.4° seems to be due to the silver paint used to affix 

the substrates to the heater.

7.5 M agnetic m easurem ents

The magnetic moment per manganese atom in Mn doped GaN was measured using a 

Superconducting Quantum Interference Device (SQUID) from liquid helium 

temperatures (4.2 K) up to room temperature^^. In this device, the field applied by the 

superconducting coils can be incremented in steps o f ~ 10’̂  T up to 5 T, and the SQUID 

sensing coils have a sensitivity o f ~ 10'" J/T. Before determining the magnetic 

component o f the film, the sapphire substrate was first scanned and its contribution 

subtracted from subsequent thin film-on-sapphire measurements. The film and substrate 

plane was perpendicular to the applied magnetic field for all measurements (see figure 

7.10).
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Fig.7.10 Room temperature magnetisation o f GaMnN film grown at 800 °C from a 10 % 
Mn target (Mn concentration in the film = 25%). The magnetic (B) field orientation with 
respect to the substrate is illustrated in the schematic on the right.

Magnetization measurements were carried out on a number o f films but to date only one 

has shown the hysteresis characteristic of a ferromagnetic material. The Mn concentration

These measurements were carried out by the Magnetism and Spin Electronics group at TCD.
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in this film was found to be 25% by EDAX, and the film showed room temperature 

magnetic hysteresis, with a saturation moment o f  approximately 80x10'^ J/T, as 

illustrated in figure 7.10. The magnetic moment per Mn atom in the film can be estimated 

using the saturation magnetisation, if  the film mass, w/, is known. From reflectivity 

measurements (fig. 7.7), the film thickness was calculated to be 400 nm, and assuming 

the density o f  the film is close to that o f  GaN (/y  ~  6 g cm'^), the mass o f  the film can be 

simply approximated in terms o f  the volume o f  the film thickness, h, and area {Aj) as:

rrij = Pj  yihy. Aj = 6 x 10"^g

The molar mass o f  the film, assuming a stoichiometry o f  Mno 2Gao gN (from EDAX  

measurements), can be written in terms o f  the molar masses o f  Mn, Ga and N as:

^GaMnN = Mn + Ga + N = 0.2 X 54.9g I  mol + O.S X 69.7g / mol + \ 4 g / mol

This yields a value o f  80.7 g mol ' for the molar mass o f  the film, which corresponds to a 

total number o f  Mn atoms, N m», given by:

Af =  0 . 1 X — —  X  6 . 0 2 2  X 10^^a tom s / mol =  4 . 5 x 1 0 ' ^
%0.1glmol

Here the factor o f  0.1 accounts for the Mn fraction with respect to the total number o f  

Mn+Ga+N atoms in the film. Since the total saturation magnetisation is ~  80x 10’̂  J/T, 

the moment per Mn atom is given in terms o f  the Bohr magneton {/^b =9.27x lO'̂ "* J T ')  

as:

8 0 x 1 0  V / r
= ------------^  = 1.2xlO^"V/7’ s0.1/i^

5.6x10'®

This is quite a low magnetic moment per atom; in comparison, the magnetisation 

measured for a GaAs film doped with 7% Mn corresponded to a moment o f  2.3 piB per 

Mn atom [Tanaka, 1998]. Alternatively, the moment per Mn atom can be predicted using 

the expression for the saturation magnetisation (p.421, [Kittel, 1996]):
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7-2)

Here J  is the spin associated with the ion which can be taken as 5/2 (section 7.1.2) 

and the g  factor for Mn^  ̂with spin 5/2 has been calculated^* a sl.26  [Craik, 1995] and 

this expression yields a value o f  ~  3 per Mn atom. The discrepancy between the 

measured (~ 0.1 ^ b) and expected (2-3 ^ b) magnetization is unclear at this point. A 

common source o f  error in these magnetic moment calculations is often the mass 

measurement, which relies primarily on accurate measurement o f  the film thickness 

(assuming the density is reasonably well known). However, the thickness determined 

from reflectivity data was checked against profilometric measurements o f  the height o f  a 

step created by masking a portion o f  the film during deposition (section 3.4.2), and both 

values agreed to within 15% error. On the other hand, the low moment per Mn atom is 

perhaps not that surprising in light o f  the XRD measurements (figure 7.8, bottom). 

Clearly, all o f  the Mn is not being incorporated into the GaN lattice to give single phase 

GaMnN. However, even if  a large fraction o f  the Mn is taken up in the most stable high 

temperature phase, Mn4 N, a higher moment might be expected since Mn4 N is 

ferromagnetic at room temperature, though it does have a comparatively low moment per 

Mn atom (1-1.2 jub [Takei et al., 1962])^^. Alternatively, it may be the case that a large 

fraction o f  the Mn carriers introduced to the film is not ordering ferrormagnetically. 

Previous efforts to electrically p-dope InAs with Mn showed that the ratio o f  active Mn 

acceptors to doped Mn atoms was at best 50%. Such behaviour is similarly to be expected  

with GaN considering the history o f  problems associated with p-doping o f  GaN [Amano 

et al., 1989] (recall the introduction to the thesis). For the films grown in this work, the 

activation fraction appears to be less than 0.1. This reason that hysteresis was not 

observed in the 5% Mn doped films may simply be due to the fact that the activation 

fraction and thus the number o f  ordered spins is comparatively low at this doping 

concentration. Since the use o f  higher doping concentrations must be avoided to prevent

The g  factor is calculated from the effective Bohr magneton number p=g[J(J+  ! )]' \  which has been 
measured as 5.9. See, for example, table 2.1 in [Craik, 1995].

A number o f  models have been proposed to explain the comparatively low moment per Mn atom in 
Mn4N . It is now believed to be due to an anti parallel spin competition between the Mn spins at the face 
centred and comer sites. See Takei et al. [1962] for a detailed discussion.
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phase-separation, the activation fraction must be increased before any realistic progress 

with DMS film growth using PLD can be achieved.

7.6 Conclusions

Although quantitative analysis of the manganese nitride fraction is required to fully 

establish the amount of Mn substituted for Ga in the GaN lattice, XRD measurements 

indicate that single phase GaMnN growth can only be achieved with up to 5% Mn using 

PLD. It seems that a comparatively high substrate temperature is required to achieve 

single phase growth (Js > 800 °C), similar to observations in MBE growth of GaMnN.

For the sintered GaMnN targets, the maximum solubility appears to be less than 2% as 

previously reported for thermally annealed GaMnN. Since the Mn fraction in the films is 

greater than that of the targets, there is little need to use targets with an Mn doping 

concentration greater than 5 at.%. The reason for the high Mn concentrations in the films 

is most likely due to the greater ability of Mn to form a nitride at the film surface in 

comparison with Ga, rather than any difference in the latent heat of vaporisation (though, 

conversely, preferential evaporation of Mn from the target must not be ruled out). While 

magnetic hysteresis was observed at room temperature in one of the films, it is unclear as 

to the origin of the ferromagnetic interaction, with the high temperature ferromagnetic 

Mn4N, possibly contributing. An electrical transport study is perhaps the best approach to 

quantifying the activation fraction, though to date we have not been able to carry out Hall 

measurements on these films as the resistivity was too high.
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8. Conclusions and suggestions for future work

This thesis has attempted to identify the requirements for stoichiom etric thin film  growth 

o f  GaN by PLD. H owever, the conclusions from this study need not be limited to film  

growth alone, as the ablated target results in chapters four and five m ay have relevance to 

laser writing (m etallisation) techniques involving metal nitrides (or m etal-oxides) or thin 

film -substrate separation using laser lift-off, w hich appears to be a prom ising technique 

for obtaining stand-alone substrates that cannot otherwise be grown in bulk form. Though  

the final chapter (m agnetic doping o f  G aN) deviates som ewhat from the main objective  

o f  the thesis, it is quite relevant to the long term direction w hich nitride PLD m ay take.

At this point, it is worth sum m arising the main conclusions from the individual 

experim ental results chapters and considering som e aspects which may be worth 

investigating further.

Chapter 4: PLD of GaN using a GaN target

D ecom position  o f  the GaN target surface due to laser heating seem s to lead to the 

preferential evaporation o f  the group V elem ent as w ell as non-stoichiom etric material 

transfer from target to film , which affects the suitability o f  nanosecond PLD as a GaN  

film  growth technique. R eflectivity analysis revealed that the Ga excess in the film s seem  

to be o f  the order o f  10% when the film s are deposited in high vacuum. A  com positional 

analysis technique such as Rutherford back-scattering may be required to establish the Ga 

excess at the target surface (clearly, the surface appears to have a metal excess). On the 

point o f  target properties, an improved sintering procedure, i.e. high pressure (~  10 bar 

N 2 ) and high temperature ( -1 3 0 0  °C), is required to improve target densification and to 

lim it the likelihood o f  particulate expulsion and exfoliational. This approach w ill also  

increase the probability o f  oxide rem oval from the target powders. The introduction o f  a 

N 2 background gas to a pressure o f  ~  0.05-0.1 mbar appears to be sufficient to redress the 

Ga ex cess  in the film s i f  the ablation rate is sufficient (which seem s to be the case at 2.5 J 

cm '“), though it has not been established where the free Ga is nitrided. A s suggested  

earlier, a spectroscopic study o f  the plume at different distances from the target (and
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perhaps at different background gas pressures, particularly at the shockfront) should  

prove useful in identifying this region. O therwise, a reflectivity study at shorter target- 

substrate distances may prove informative in this regard. The ionisation fraction in the 

plum e w as determined to be o f  the order o f  10%, w hich w ould indicate that a large 

fraction o f  ablated Ga is ionised, assum ing the ionic com ponent o f  the plum e is 

dom inated by single Ga anions. One aspect o f  the plum e -g a s  interaction w hich has not 

been considered is that o f  the electron-gas collisional cross-section. It is likely that the 

electron com ponent o f  the plume contributes significantly to background gas activation, 

and a Langmuir probe study o f  this interaction (particularly the dependence with fluence) 

w ould be m ost informative.

Chapter 5: PLD of GaN using a Ga target

W hile gallium  metal offers a considerable advantage over the nitride powder as a high 

purify target material, a number o f  drawbacks have been identified, all o f  w hich are 

related to the inconsistent nature o f  the target surface. Although one m ight expect that the 

target surface should be liquid for m ost o f  the laser pulse duration (considering the 

ablation m odel o f  chapter 2), m ass loss results indicate that the reflectivify is w ell below  

that previously reported for the melt. A tim e-resolved reflectivify study o f  the ablated 

target surface would confirm whether this is indeed the case. Both the ionisation fraction  

(at ~  30 %) and the ion energies for Ga target ablation appear to be higher than the 

corresponding values for GaN target. Sputtering o f  the film  by high energy ions (> 25 

eV ) seem s to be contributing to the low  growth rate measured when using this target, 

though the reflectivify results are not as convincing as in the GaN target case (the film s 

are also easily  scratched, which ruled out confirmation o f  the thickness using 

profilom etry). An ellipsom etry study o f  these film s m ay prove quite useful in this regard, 

and may also confirm the optical properties measured using reflectivify. O nce again, a 

spectroscopic study o f  the plum e-gas interaction w ould be m ost useful to establish the 

nitride formation region. Though stoichiom etric growth is possible, once a relatively high 

N 2 pressure (> 0.2 mbar) and correspondingly high fluence (> 3 J cm'^) are used, the 

crystalline qualify o f  the film s is poor in comparison w ith film s grown using the GaN
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target in N 2 . Therefore, it seems that liquid target PLD o f  Ga in an N 2 background is not 

suitable for high quality thin film growth o f  GaN.

Chapter 5: Plasma-assisted PLD of GaN

The suitability o f  three nitrogen plasm a sources-two o f  which operated in continuous 

m ode w ith the o ther pulsed-for PLD o f  GaN was studied. The sim plicity o f  the pulsed 

ring discharge both in its construction and m aintenance (i.e. no cooling requirem ents) 

m akes it the m ost attractive option at present, despite reservations one m ight have 

regarding the inclusion o f  a high voltage electrode in the deposition environm ent. 

M easurem ents o f  the discharge current show that the electrode is most suitable for PLD 

w hen a positive charging voltage is used (~ 100 V), in a background gas o f  0.05-0.1 m bar 

N 2 , since at this polarity, the discharge duration covers the time o f  arrival o f  the plum e to 

the substrate. In addition the breakdown time is fixed, whereas for negative charging the 

tim e at w hich the discharge was initiated tended to vary considerably. It was possible to 

grow  oriented film s at 0.1 mbar using the pulsed source and a G a target; this is not 

possible when using a m olecular nitrogen background. Even so, the grain-size o f  these 

film s is considerably less than those grown using the GaN target, indicating that the 

m etal-target/discharge source com bination requires a great deal o f  further investigation.

On the other hand, the “ sm all-anode” and HCPEE sources offer better control o f  the 

various plasm a param eters (e.g. flux, tem perature). Therefore, it m aybe worth 

considering the possibility o f  running either o f  these sources in pulsed mode.

Chapter 7: Magnetic doping of GaN

A Mn doped nitride ceramic target was used to deposit thin films o f  a novel diluted 

m agnetic sem iconductor (GaM nN). The solubility issue seems to have lim ited progress 

w ith III-V  spintronics m aterials for sometime now, and in this work, sim ilar obstacles 

have been identified. Single phase growth appears to be possible only for Mn 

concentrations up to 5 at.%. Since EDAX m easurem ents revealed that the M n fraction in 

the film s is higher than that o f  the target mix, lower target preparations should be used in 

future, preferably from concentrations o f  less than one per cent up to 5 %  m axim um . A
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Vegard’s law study (lattice parameter vs Mn concentration) o f the films over this range 

would confirm the solubility limit (the Mn concentrations used for this work were 

probably too high and well exceeded the limit for most films). The crystalline structure o f 

the films shows strong substrate temperature dependence, with temperatures in excess of 

800 °C required for single phase growth. Ferromagnetism was only observed in heavily 

doped (20 at.% Mn) phase-separated films. The origin o f the magnetisation is unclear at 

this point, though magnetization measurements indicate that the number of 

ferromagnetically activated Mn atoms is quite low (perhaps less than 10%). This may be 

due to the purity of the starting powders, as p-doping o f GaN has always proved a major 

difficulty and the likelihood of a significant fraction o f oxygen impurities in the nitride 

powders will not improve this situation. Again, an improved target calcination procedure 

may counteract this problem, but alternatively switching to a Mn:Ga alloy target is likely 

to prove the most reliable method o f eliminating impurities.

Concluding remarks

Keeping in mind the recent success o f  MOCVD and MBE techniques for the fabrication 

o f GaN-based multi-layer structures for optoelectronic applications, PLD does not appear 

to be a commercially competitive film growth process in this technology area. 

Nevertheless, it is likely that PLD will continue to have a role for the deposition o f nitride 

materials for research, where exploration of a wide range o f target compositions and 

doping combinations is often required. Discharge sources o f excited nitrogen have 

accommodated the use o f the high purity metal targets, and it seems likely that this 

combination will be the preferred choice for the PLD o f electronic grade material, if 

sufficient growth rates and film stoichiometry can be obtained at low laser fiuence to 

avoid splashing (alternatively a target cooling mechanism would relax these fiuence 

constraints somewhat). On the other hand, it is the facility for stoichiometry control of 

complex film structures and the extended solubility limits for bandgap tuning or magnetic 

doping that, perhaps, offer the best opportunity for establishing PLD as a niche area in 

nitride film growth. In this regard, growth o f magnetically doped nitrides should be 

pursued, with particular emphasis placed on combining a nitrogen plasma discharge with 

film growth using a metal alloy target.
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Appendix A. Crystal structure o f GaN

i=)ctlue

Front (along c axis)

Front

Fig. A1 Wurtzite structure (P6 3 mc) for hexagonal GaN.

The stacking sequence is: GaANAGaeNeGacNcGaANAGaBNBGacNc........

For the ideal hexagonal structure, the ration of the a and c lattice parameters, u, is equal 

to 3/8, whereas the experimentally measured value for GaN is slightly less.

For a Ga atom at (0, 0, 0) the next nearest Ga atom is at (2a/3, a/3, a/2), while N atoms 

are at (0, 0, c) and (2a/3, la/3, a('/2+u)).
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Fig. A2 Zincblende structure for cubic GaN.

The stacking sequence is:

GaANAGaeNBGaANAGaeNBGacNcGacNc........

For ideal u (=3/8) the nearest neighbour positions are the same as in the wurtzite 

structure. However, the next nearest neighbour positions differ.

ao=4.52 A.

Crystallographic diagrams taken from Centre for Computational Material Science 

database, NRL, Washington d.c., U.S.A. (http://cst-www.nrl.navy.mil/lattice/)
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Appendix B. Thermodynamic quantities

1. Thermodynamic quantities

Gibb’s free energy:

G ^ H - T S  -TC7 + p d V ^ N ^

H =  Enthalpy
T = kgT = = Temperature 

d a

S = kB<J= Entropy N =  Particle number

U =  Internal energy
H = - ^  = Chemical potential

8N

If there are more than one species, the free energy is written as:

g = Z^,m, 8n
'  ' ' T . p y

The change in the total Gibbs free energy for a system (which is zero when the reaction 

reaches its equilibrium state) is defined as:

AG =

If LjG is negative, the reaction will proceed spontaneously as the system seeks to attain 

minimum energy.
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2. Kinetics of reaction and vapour pressure

The reaction quotient relates the Gibb’s free energy o f a system to quantities which 

describe the concentration o f a component at a given time in a reaction. Such quantities 

include the molar concentration or the partial pressure, but more generally, the activity of 

a substance is used in the expression.

no'
Q = — —

I

The superscripts pi  and r^are the stoichiometric coefficients in the reaction equation. The 

activity is a dimensionless quantity which accounts for the non-ideal behaviour of 

substances, particularly for gases at high pressure. When the reaction reaches 

equilibrium, the quotient is termed the equilibrium rate constant {Ka). For an ideal gas, 

the activities can be replaced by the partial pressures with reference to the standard state. 

By convention, pure solids and liquids take a value o f 1 if the gas pressures are in bar. 

This rate constant is exponentially dependent on temperature, having an Arrhenius

form: = e  . This is the exponential form o f the standard rate equation;

AG° = - R T \ n K ^
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Appendix C. Properties o f the refractive index

The follow ing overview o f  the definition o f  the dielectric constant and the refractive 

index is dealt with thoroughly in Principles o f  Optics (M. Born and E. Wolf), 

Cambridge University Press edition), Cambridge, 1999, and much o f  the 

notation and terminology is taken from  chapters I  and X IV  o f  that text.

The collective macroscopic response o f the electric dipoles in a material to an externally 

applied electromagnetic field is suitably described by the electric susceptibility, 

associated with the dipoles. Xe is a second-order tensor which can take into account any 

anisotropy in the dipole response and the resulting electric displacement, D, is related to 

the electric field strength, E, by:

b ^ s E

Here, s  is the complex dielectric constant or electrical permittivity o f the material, and is 

related to the electrical susceptibility by the relation:

 ̂= ôO + Z.)

The dielectric response o f the material depends on the frequency, co, which describes the 

temporal behaviour o f the electromagnetic wave. For a monochromatic wave with a 

temporal component o f the form E(t)~Eoe“̂ , Maxwell’s equations can be rearranged to 

obtain the wave equation as follows (MKS units):
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In these equations <Te and // are the electrical conductivity and magnetic permeability of

the material, respectively, while c = /  i is the speed o f light in vacuum. The
/  VMo^o

complex wave number, k , is related to the complex dielectric constant by:

J* 2 » 2  2 • ^
k  = — r n  -CO / ^ S q + ico/ ^ cf -

c c
. cr

From the above expression, it is clear that, for materials with non-zero conductivity, the 

dielectric constant is comprised o f a real and an imaginary component. The optical 

properties o f a material are more conveniently expressed in terms o f the refractive index, 

which relates the complex wave velocity in the medium, v , and the speed o f light in 

vacuum:

^ 7  =  «^ =  {n-iKy = £  =  £•, +/£'2
V

/ris the attenuation index or “extinction coefficient” . Equating the real and imaginary 

parts o f the indices yields:

,2

f  2 =  2nK =

In non-absorbing media, e.g. for visible light incident on a wide bandgap semiconductor, 

the refractive index, n, is simply the square-root o f the dielectric constant S/. When 

absorption is significant, the extinction coefficient can be used to determine the optical 

absorption depth at the surface o f a material i.e. the penetration distance at which the 

energy density falls to 1/e o f  its initial value at the surface:
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The optical absorption coefficient is then defined as y ,  ./  opt

Note: since the wave number k  is not used in the main text o f the thesis, for 

convenience, the extinction coefficient is given by the most commonly used Times New 

Roman script k, rather than the Greek symbol k  used above.
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Appendix D. Laser pulse profile

The intensity profile of the excimer laser pulse was measured using a BPX65 photodiode 

(rise-time = 3.5 ns) with the glass hermetical seal removed to allow transmission at 248 

nm (see left figure below).

Eu

o
X

1

1=9 X 10 W cm

80-

0  Photodiode 
 Fit60-

40-
A t,

20 -

0 20 40 60 80

©  Trigger 
Photodiode

 Ion protie

Time (ns) Time (ns)

Fig. C l (a) Laser profile detected by the photodiode (circles) and the fit (solid line) to the 
profile (left panel). The plots are normalised to an intensity corresponding to average 
laser fiuence per pulse of 2.5 J cm'^. (b) Temporal profiles of the laser pre-trigger (line 
and circles), the photodiode signal (solid line) and a probe signal taken 4 cm from the 
target (2.5 J cm' ).

Noting the FWHM of the profile, A tfw h m , and the average laser fiuence per shot, Fo, the 

intensity profile was fitted (using Microcal Origin) with the expression [Carpene and 

Schaaf, 2002]:
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The fitting param eters, b  and w o, were found to be 3.35 and 26.5, respectively (the time 

increm ent, t, is in ns). A pre-trigger from the laser (Fpeai=16V), the rising edge (0.1 Vpeak) 

o f  w hich was detected 1.5 |as before lasing, was used to trigger all probe m easurem ents, 

as illustrated above (right).



Appendix E: Mathematica model for laser heating 151

Appendix 
E : M athem a tica model for surface temperature and evaporation rate calculation

Properties of the laser pulse

f | n j : = F o *  - ^  ^
 ̂ 3.35x10-7

Fo = 2 .5 ; 
x=  0 .5 ;
AT = XX10’®; 
max = 100; 
spot = 0.04; 
<5Tpoise = 27.7 x 10

(* A nalytical expression fo r  tenporal p ro f i le  o f  la s e r  irrad ian ce

- 2 i

26.5^ J
(* Average la s e r  energy fluence (J  cm'^j *)

(* Timestep (ns; *)
(* Timestep [sj •)

(* C alculation  l im it  in  time (tim esteps a f te r  s t a r t  o f la s e r  pulse) *) 
(* Laser spot area [cxr?] *)

(* FWHM of la s e r  pulse *)

Null
Properties of Gallium
(. Progenies are in S  - mass, length and v d im e  are in g and cm, o rP fv c c rv e n ie n c e -)

>f=0,3;
P = 6;
SpecHeat= 26; 

SpecHeat 
Mixia- 

Mncur = 139.8;

ke = 1.38x10'^ 
HeatV&p = 264;

Lv= Heaf^pxIO'^
Nav 

TO =300;
Ttoi = 2500; 
k= 2.73;
A= 248x 10 -̂ 
r e f = 0 .9 ;

6.022x102^*  
am = 1 .67x10  2^- 
o =  1 0 '

Null

(* Thermal conducti^ty of target materiai |Wcm"  ̂K"^| *)
(* Mass density of target |g cm~^j *)

(* MDlar heat capacity |J  m or^ | *)

(• Specific (mass) heat capacity |J  g~^| *)

(» ^Â Iar m ass of evaporating species |a.m.u.| *)

(* Boltzmann constant | J  fC^] •)
(* Heat of vaporisation |kJ m o l'^ j«)

(* Latent heat of vapourisation perpartide |e V j«)

(* Initial target su r^ce temperatijre [ Kj «)
(« Boiiing temperature a t standard pressure (10^ Pa) [K| *)

(* E xtinction  c o e ff ic ie n t a t  248 nm *)
(* Laser wavelength *)
(* Surface r e f le c t iv i ty  o f ta rg e t  to  la s e r  rad ia tio n  *) 
(• Avogadro' s  constant *)
(* Atomic mass u n it [kgj »)

(* Absorption c ro ss -sec tio n  in  plume fo r 248 nm ra d ia tio n  *)
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(* Routine for calculating Surface temperature,
Vapour pressure and evaporation rate *)

[It r r n ’T\ TotalVapour [[ —  ]],]
For|̂ t = 2 X, t < max, t += x, Tsurf = Sumĵ  Irradiance| [~ | j) * r * Exp|----------^     , {n, 2 x, t, x} ;

TerrpList = /^pend[THi?>List, Tsurf]; TotalVapour = Append^TotalVapour, |TotalVapour^ ^ ^ ] + InstFluxj j j ;
Massloss = TotalVapourx x spot;

Nav

TotMass = Last [Massloss]; (= Total mass Ga evaporated per laser shot [grams] );

AblCtepth= — xlO^ ; (* Ablation depth per pulse in nm *) 
p» spot

(Note: time scale in units of timestep (x=0.5 ns) e.g. 200 on scale = 100 ns );
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Appendix F. Paschen curve for N? [Dakin et al., Electra, (32), 61-82, (1974)]
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Appendix G. Definitions and associated errors

G 1 D efin itions an d  n o m en c la tu re

Q u a n tity Sym bol u n its E r r o r

Distance to target d cm 0.2 cm

Laser spot dim ensions x , y mm O.I mm

Tem perature T °C ± 20 °C (substrate)

Laser pow erm eter voltage ^Joule mV 5 mV

Energy per laser pulse E mJ E  ^{^^Vjoule ! ^Joule)

Area (probe or laser spot) A mm" 0.2 mm

Fluence F J cm'^ Section G2

Background gas pressure P m bar 0.25p

Gas density cm'^ 0.25ng

Particle num ber N - Section G2

Tim e o f  flight t TOF MS 0.05 |js

Tim e-of-flight velocity Vtof m s '' Section G2

Incident angle e, degree 3 degree (fig G3.1)

Real refractive index n - Section G3.2

Im aginary refractive index k - Section G3.2

Electron charge e C -

Electrical resistance R Q OAR

Ion / deposition flux jion ! jdep cm'^ s"' Section G2

Tim e-integrated flux J cm'^ Section G2

Film growth rate ^FUm nm /shot 0.15 Sfilm

A bsorption depth dopt nm -
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G 2 Error analysis o f frequently used quantities

Quantity Definition Explicit error Approx.

error

Fluence
A

^  r A£  ̂ A^ _  ̂ Ax  ̂ Aj" 
[ e  a  X  y  ^

0.3F

Time-of-

flight

d
^TOF ~

‘ t of

/

V fop  X
\

A d   ̂ A tjQ p  ' j

d  tjQp  J

0. 1 VtOF

Ion energy
E,on — 2  ^ion^TOF

ion
'^TOF

O .lE io n

Integrated 

ion flux

/

V

A R  A/l„^ 
-------+ — 2-
R A„ J

0 .2 J ion

Total ion 

number
N ,d ^ 2 7 T

total “
^ A N ^  2 A d  A k ,  A k „ 

------- ^  + ^  + --------
\

/

Q AN total

Deposition

flux
^  ^ film P F ilm ^A v  

Jdep — , ,
^ F n n ,

Jdep X
^ ^Film  PFilm ^  Film y

^ ’^jdep

G 3 Error analysis for reflectivity

G 3.1 Bulk reflectivity (Fresnel equations)

The uncertainty in bulk reflectivity calculations associated with uncertainty in the 

incident angle {6,) can be determined by differentiating equation 2.14 with respect to

6i Le. A R = 2 - ^ A 0 ,  
-  '  d O . '

. The uncertainty in s-polarised reflectivity associated with a 3

degree uncertainty in the incident angle is plotted below (evaluated using Mathematica).



Appendix G: Error analysis 156

0.10

AR
S

0 .05 -

0.00
0 20 40 60 80

0, (degree)

Fig. G1 Variation with incident angle, 9i, of the uncertainty in the s-polarised reflectivity 
of a bulk material for an uncertainty of ± 3 degrees. The uncertainty in reflectivity at an 
incident angle of 26 degree corresponding to an uncertainty of 3 degrees is -0 .0 1 .

G.3.2 Single layer errors

The fit do the data in chapters 4 and 5 was obtained using Mathematica, but the software 

does not give an associated error in the n and k parameters for the fit. In order to gain 

some idea of the fit accuracy, the maximum error in n and k associated with the 

maximum deviation of the fits from the measured data was determined. Figure G2 shows 

the effect of a variation in n (=2.3) on the s-polarised reflectivity of a thin film with 

increasing thickness (for An = 0.05, 0.1). The maximum observed difference in 

reflectivity for the data plotted in chapter 5 (growth with Ga target) over 500 nm is < 0.02 

which corresponds to an uncertainty of about An = <0.1, whereas the variation of Rs in 

the data of chapter 4 is less than 0.01, which corresponds to An < 0.05.
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Fig. G2 s-polarised reflectivity for GaN {n =23+An, An = 0, 0.05, 0.1) on sapphire (left). 
At zl/7 = 0.1, the variation in Rs is at most ~ 0.01. Also included (right) are the reflectivity 
traces for various k values.

When absorption, and thus the extinction coefficient {k) is significant, calculation of the 

associated error in the extracted k value is somewhat complicated by the interdependence 

of the two optical constants. However, a similar comparison of the experimental and 

fitted reflectivity data of chapters 4 and 5 with the plot for various k values above (right) 

suggests that the uncertainty is at most 0.05.

Finally, the error in the gallium fraction (fca) can be estimated using the uncertainties 

calculated above and the data in figure 2.7 (chapter 2). For example, an uncertainty in the 

refractive index o f An = 0.\ corresponds to an uncertainty in fca of about 0.01, while an 

uncertainty in k o i  Ak = 0.05 corresponds to a variation of 0.005 in foa when k is near 0.1 

(while the n- fca dependence is almost linear, the k- foa dependence is not, and thus needs 

to be accounted for depending on the value offca)-
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Appendix H: Publications

Pulsed laser deposition o f wide-bandgap semiconductor thin films,

O'Mahonv. Donagh: de Posada, Eduardo; Lunney, James G.; Mosnier, Jean-Paul; 

McGlynn, Enda

Opto-Ireland 2002: Optics and Photonics Technologies and Applications, Proceedings of 

SPIE, 4876 (2003), p.4876

Pulsed laser deposition o f manganese doped GaN,

O'Mahonv. P .: Lunney, J.G.; Tobin, G.; McGlynn, E., Solid-State Electronics, 47, 

(2003), p.533

Defect luminescence o f GaN grown by pulsed laser deposition

Mah KW, McGlynn E, Castro J, Lunney JG, Mosnier J-P, O'Mahonv D. Henry MO.

Journal o f Crystal Growth, 222 (2001), p.497

Study o f photoluminescence at 3.310 and 3.368 eVin GaN/sapphire(0001) and 

GaN/GaAs(OOI) grown by liquid-target pulsed-laser deposition,

Mah KW, Mosnier J-P, McGlynn E, Henry MO, O'Mahonv D. Lunney JG, Applied 

Physics Letters, 80 (2002), pp.3301-3303.

Defect luminescence o f GaN grown by pulsed laser deposition,

Mah K.W, McGlynn E, Castro J, Lunney JG, Mosnier J-P, O'Mahonv D. Henry MO., 

Journal o f Crystal Growth, 222 (2001), pp.497-502.
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