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Abstra
t
Semi
ondu
ting materials have been used for over 40 years, with the majorityof work fo
ussing on the use of sili
on. This thesis details the work done onthe development of novel radiation dete
tors. Fabri
ation pro
esses for theprodu
tion of GaN diodes were developed using both e-beam and photolitho-graphi
 te
hniques. Devi
es were fabri
ated on a range on GaN wafers, andwere ele
tri
ally 
hara
terised by CCE and I-V measurements. Defe
t 
har-a
terisation was performed using mi
rowave absorption (MWA), thermallystimulated 
urrent (TSC) and photolumines
en
e (PL) te
hniques. A 
om-mon defe
t with a
tivation energy of �0.67 eV was found for two types ofEm
ore grown GaN material using both TSC and MWA measurements. Thevariety of trap levels found throughout the materials is 
onsistent with previ-ous results, suggesting numerous and material dependent defe
t levels in thinGaN �lms. Photolumines
en
e spe
tra were also used to determine the molarfra
tion of Al present in an Em
ore AlGaN wafer, whi
h was found to be �10%. PL was also able to show that in
reasing TMG �ow rates in MOCVDgrowth 
an signi�
antly in
rease both point and dislo
ation defe
ts. The a
-tivation of Compound Semi
ondu
tor Te
hnologies (CST) grown Magnesiumdoped GaN was also veri�ed using PL spe
tra.Tokushima grown GaN S
hottky 1 mm diameter pad dete
tors were testedfor its suitability as a dete
tor for the super Large Hadron Collider (sLHC)1



2in whi
h the estimated 10 year hadron �uen
e is up to 1x1016 
m�2. The
harge 
olle
tion e�
ien
y was observed to drop to 62% after the materialwas irradiated with a neutron �uen
e of 1014 n
m�2, to 6% after 1015 n
m�2,and then to 4.5% after 1016 n
m�2. The 
harge 
olle
tion e�
ien
y droppedto 14% after 1016 p
m�2. Leakage 
urrents after all irradiations remained inthe 10�11 A region at a bias voltage of 15 V. Chara
terisation of radiationindu
ed defe
ts were indi
ates an in
rease in non-radiative re
ombination
entres. This was shown through a de
rease in photolumines
en
e peaks,and through the de
rease in the instantaneous 
arrier lifetimes from MWAand PC measurements. An in
rease in asymptoti
 lifetimes suggests thatex
ess 
arriers undergo a multi-trapping pro
ess after irradiation. PL mea-surements also indi
ate a rapid de
rease in intensity for the yellow bandpeak, indi
ating a transformation of point defe
ts into non-radiative 
entres.Dislo
ation defe
ts appear to be un
hanged with irradiation.Em
ore grown GaN and AlGaN wafers were also investigated for use asa photon (UV) dete
tor. Novel interdigitated metal-semi
ondu
tor-metal(MSM) 
onta
ts were su

essfully fabri
ated utilising �nger spa
ings of 25,50 and 100 �m. Su
h dete
tors have been optimised for the metal 
onta
ts
hemes used for S
hottky 
onta
ts, allowing for the possibility to use Pd
onta
ts for semi-transparent 
onta
ts. Experiments showed that the leak-age 
urrent 
ould be redu
ed by de
reasing the �nger pit
h of interdigitatedMSM diodes. A ratio of 1000:1 is seen for levels of photo
urrent againstdark 
urrent. Full UV 
hara
terisation of the diodes showed a responsiv-ity of �30 mA/W when operated unbiased, whi
h remained relatively �ata
ross the bandgap. A design for the �rst ever position sensitive GaN UVdete
tor utilising interdigitated �nger diodes is proposed. Su
h a dete
tor is



3suitable for energy dispersive Cir
ular Di
hroism (CD) measurements usedin 
onjun
tion with the Syn
hrotron Radiation Sour
e at Daresbury. The�nished design allows the diodes to be separated by distan
es of millimetres,whilst the dete
tive quantum e�
ien
y will be determined by the pit
h ofthe �ngers. The dete
tor 
an also be operated unbiased.To allow for the fabri
ation of so-
alled 3D S
hottky dete
tors, et
hre
ipes used with an STS ICP et
h system for the 
reation of uniform diam-eter, �ne pores in sili
on were optimised. A maximum aspe
t ratio of 14:1was a
hieved for 10 �m diameter holes. Work done on parameter rampinghas allowed the possibility to in
rease this ratio. 3D dete
tors fabri
atedusing this modi�ed re
ipe showed a drop from 60% to 5% after irradiationwith 4:5 � 1014 p
m�2. An alternative version of this re
ipe was used forthe 
reation of several novel devi
es, in
luding a sili
on mask for metal 
on-ta
ts, and a mi
ro�uidi
 mixing devi
e. Work was also 
ompleted on the �rstever swit
hed pro
ess et
hing of GaAs using a non-
arbon based 
hemistry.Aspe
t ratios of 4.5:1 were a
hieved for 10 �m holes in this material.
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"If you understood everything I said, you'd be me"Miles Davis
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Chapter 1Introdu
tion
For the last 40 years, sili
on has been the most 
ommonly used semi
ondu
t-ing material for radiation dete
tors. However, in re
ent times there has beenan in
reased interest in the study of alternative semi
ondu
ting materials. Inthis thesis, work will be presented on the pro
ess development, fabri
ationand evaluation of new materials: namely the semi
ondu
tor gallium nitride(GaN) as a material for dete
ting both parti
le and ultraviolet (UV) radia-tion. Furthermore, work has been done on deep rea
tive ion et
hing (DRIE)pro
essing of sili
on in order to fabri
ate 3D dete
tors - an alternative diodegeometry using a standard semi
ondu
ting material. This se
tion will nowprovide a ba
kground to the history of these dete
tors and the pro
essesne
essary for their produ
tion.1.1 Gallium NitrideGallium nitride (GaN), along with AlN & InN, are III-nitride semi
ondu
tors.These materials are 
hara
terised by a wide bandgap. (Eg = 3.39, 6.2 &1.97 eV respe
tively). Sele
ted ele
tri
al and material properties of GaN aregiven in Table 1.1 along with those of Si, GaAs and another wide bangap23



Introdu
tion 24Si GaAs GaN 4H-SiCBandgap (eV) 1.12 1.4 3.39 3.3Bandgap Type Indire
t Dire
t Dire
t Indire
tCrystal Stru
ture Diamond Zin
blende Wurtziti
 Wurtziti
Density (g
m�3) 2.328 5.32 6.15 3.2Mobility (
m2V �1s�1) �e 1500 8500 1000 900�h 450 400 30 20Breakdown Field (V 
m�1) 3�105 4�105 3�106 3�106Thermal Condu
tivity (W
m�1K�1) 1.5 0.46 1.5 4.9Table 1.1: Sele
ted ele
trial and material properties of various semi
ondu
-torssemi
ondu
tor, 4H-SiC. GaN was �rst synthesised in 1938 by Juza and Hahn[1℄. It was not until 1969 that the �rst generation of large area layers onsapphire substrates was a
hieved [2℄. In re
ent years, however, there has beena great in
rease in the study of su
h III-Nitride semi
ondu
tors, primarilydue to their dire
t, wide bandgaps. It was only in 1990 that the �rst AlGaNsubstrate was fabri
ated [3℄. For AlxGa1�xN , the bandgap is 
al
ulated asEg(x) = EgGaN(1� x) + EgAlN(x)� bx(1� x) (1.1)where EgGaN = Bandgap of GaN, EgAlN = Bandgap of AlN, x = molarfra
tion of Al and b is the "bowing" parameter (�0.8 [4℄).1.2 GaN as a Radiation Dete
torThe ability to fabri
ate su
h ternary alloys gives GaN a major advantagefor radiation dete
tion. The bandgap of GaN, along with its ternary andquarternary 
ompounds (eg InGaN, whi
h was 
reated in 1993 [5℄), span the
ontinuous range of the ele
tromagneti
 spe
trum, making su
h a materialsuitable for appli
ations su
h as high-brightness light emitting diodes and



Introdu
tion 25lasers [6, 7℄.

Figure 1.1: The various ternary and quarternary materials used for LED'swith the wavelengths indi
atedAdditionally, as GaN has a bandgap of 3.39 eV, its maximum dete
tablewavelength is �CUT = h
Eg = 1:24�m3:39eV = 340nm (1.2)The high bandgap material is not sensitive to visible light and ensures thatGaN has a higher signal-to-noise ratio for UV dete
tion than, for example,sili
on. By adding varying fra
tions of Al, the bandgap 
an be adjusted toensure the dete
tor is 
ompletely "solar blind", so that no �lters are required.This work des
ribes the investigation of (Al)GaN as a UV dete
ting material,outlining both e-beam and photolithographi
 fabri
ation pro
esses developedfor the produ
tion of UV dete
tors from (Al)GaN. Su
h dete
tors will beshown to be a viable option for use in protein folding experiments su
h as
ir
ular di
hroism (CD).GaN is also suitable for high temperature and high power ele
troni
s[8℄. Due to its high density and breakdown �eld [9℄, GaN has also re
entlybeen thought of as a possible alternative to sili
on as a parti
le dete
tor



Introdu
tion 26for use in harsh radiation environments [10℄. Its use as a parti
le dete
torfor the Large Hadron Collider (LHC) and its possible upgrade, sLHC, wereinvestigated through the irradiation of GaN with neutrons, protons and X-rays. Fluen
es of up to 1�1016 parti
les 
m�2 were used, and subsequent
hanges in operating e�
ien
ies of the devi
es shown.1.3 Defe
t Chara
terisationAs GaN is a relatively new material, it is ne
essary to study the defe
tsthat may be present in the 
rystal latti
e, and their possible in�uen
es onits operating performan
e. For (Al)GaN, the defe
t density is thought be ashigh as 1015
m�2 [11℄. As well as being 
aused by impurities, the vast ma-jority of these defe
ts are thought to be stru
tural defe
ts, introdu
ed at thegrowth stage. In this work, various types of GaN were investigated for theiras-grown defe
ts. Furthermore, radiation indu
ed defe
ts were also studiedwith a view to determine their possible detrimental 
onsequen
es. Evalu-ation of su
h defe
ts will be shown through studies of photolumines
en
e(PL), mi
rowave absorption (MWA), photo
ondu
tivity (PC) and thermallystimulated 
urrents (TSC).1.4 ICP et
hingThe �nal 
hapter in this work will detail investigations of the improvementof the deep rea
tive ion et
hing (DRIE) dry et
hing of sili
on and galliumarsenide using a Surfa
e Te
hnology Systems (STS) [12℄ indu
tively 
oupledplasma (ICP) tool. Su
h te
hnology makes possible the fabri
ation of a newgeometry of dete
tor - the 3D dete
tor. "3D" dete
tors are thought to be a



Introdu
tion 27viable alternative to standard planar te
hnologies, with appli
ations rangingfrom X-ray dete
tion to a future extremely radiation hard dete
tor for theLHC.



Chapter 2Fabri
ation te
hniques
2.1 Introdu
tionThis 
hapter will dis
uss the main pro
esses that are involved in the fabri
a-tion of both semi
ondu
tor and MEMS (Mi
ro-Ele
tro-Me
hani
al Systems)devi
es. These in
lude lithography (both opti
al and e-beam), surfa
e prepa-ration, thin �lm deposition and lift-o�. There is also an explanation of thepro
essing of 3D sili
on devi
es using dry et
hing te
hniques and the a

om-panying plasma theory that forms the basis of su
h a pro
ess.2.2 LithographyLithography is used to transfer a pattern of geometri
al shapes onto the sur-fa
e of a substrate. It transfers this pattern via a layer of resist, whi
h isapplied to the surfa
e of the substrate then exposed to the pattern and devel-oped. From this stage, the substrate 
an be et
hed, or metal 
an be appliedusing the shape of the patterned resist. Several te
hniques for lithography ex-ist using sour
es ranging from opti
al (UV) to non-opti
al (e-beam, protons,X-ray). Ea
h te
hnique has parti
ular advantages, su
h as resolution (min-imum feature size), registration (minimum overlay a

ura
y of 2 or more28



Fabri
ation te
hniques 29patterns) or pattern transfer time. Consequently, two di�erent stru
turesmight require their own lithographi
 method, depending on their spe
i�
 re-quirements. In this work, the fabri
ation of UV GaN dete
tors was 
arriedout using e-beam and opti
al lithography, while devi
es made in sili
on for3D stru
tures other devi
es used only opti
al lithography te
hniques.2.2.1 Photo lithography
UV LIGHT

LENS

PATTERN BEING

REPEATED ONTO

WAFER

WAFER WITH

PHOTORESIST

MASK

Figure 2.1: S
hemati
 diagram of opti
al lithographyOpti
al lithography (or photolithography) transfers patterns onto a resist-
overed substrate using ultraviolet light. The resist is exposed to UV lightthrough a mask bearing the desired pattern (Fig 2.1). Therefore - for apositive resist - the only areas of resist exposed to the light are those beneaththe transparent se
tions of the mask. As the resist is light sensitive, its
hemi
al properties 
hange when exposed to the light. After washing the



Fabri
ation te
hniques 30sample in a developing �uid, the areas of resist that were exposed to the UVdissolve, leaving the remaining resist on the sample in the shape of the maskdesign.There are two ways of performing photolithography; 
onta
t printing,and proje
tion printing. For 
onta
t printing, the mask is in 
onta
t withthe sample, whereas for proje
tion printing, the mask is a distan
e awayfrom the sample and lenses are used to fo
us the light through the mask. For
onta
t printing, there is no need for expensive opti
s but the transferredpattern is a�e
ted by any inhomogeneities in the resist thi
kness. This doesnot o

ur in proje
tion systems where there is also less defe
t generationas the mask and sample are not in 
onta
t. For these reasons, proje
tionprinting is preferentially used in industry, and was the method used in thiswork.PhotoresistA photoresist is 
omposed of 3 
ompounds: a base resin, a photosensitive
omponent and an organi
 solvent. The photosensitive 
omponents are madeup of long 
hain 
arbon polymers, and 
ome in two polarities: negative andpositive (Fig 2.2). For positive resists (whi
h was the polarity of resist used inthis work), these long 
hain mole
ules break up under exposure to UV light(
hain s
ission), with the exposed areas dissolving more qui
kly in developing�uid. For negative resists, several polymer 
hains tend to join together underUV exposure (
ross-linking), resulting in exposed resist dissolving at a slowerrate.The type of resist whi
h is 
hosen depends on the resist's sensitivity, whi
his a measure of the amount of light energy needed to 
reate a 
hemi
al 
hange
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UV

Mask

Photoresist

               Si

Negative ResistPositive Resist

Figure 2.2: E�e
ts of positive and negative resistsin the resist, and the resolution, whi
h determines the minimum feature sizewhi
h 
an be transferred onto the photoresist.Resist appli
ationThe failure to remove debris and dust parti
les from the surfa
e of the mate-rial before resist appli
ation will lead to degradation in the quality of patterntransfer. To remove su
h 
ontaminants, samples are 
leaned in an ultrasoni
bath in the following solvents:� Opti
lear for 5 minutes� Heated A
etone (40oC) for 5 minutes� Methanol for 5 minutes� Iso propanol (IPA) for 5 minutes� RO water for 5 minutes� Dried using N2
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ation te
hniques 32Fabri
ation of devi
es is performed in a "
leanroom", where the humidity,temperature and density of dust parti
les 
an be 
ontrolled. The 
leanroomsin this work were 
lass 10000 (10000 dust parti
les > 0:5�m/
ubi
 foot),with 
lass 100 work 
abinets (100 dust parti
les > 0:5�m/
ubi
 foot).
UV

PhotoresistSubstrate

Figure 2.3: The fabri
ation steps for photolithographyThe transfer of patterned resist onto a substrate is done in several stages(Fig 2.3). To apply the photoresist to the surfa
e of the sample, the sampleis pla
ed on a va
uum 
hu
k. This 
hu
k is able to spin round at a speed thatis determined by the user (measured in revolutions per minute). A HDMS(hexamethyldisilazane) based primer is applied to the surfa
e of the sampleand spun on. HMDS is used to improve photoresist adhesion to oxides.The HMDS rea
ts with the oxide surfa
e in a pro
ess known as silylation,forming a strong bond to the surfa
e. At the same time free bonds are leftwhi
h readily rea
t with the photoresist, enhan
ing the photoresist adhesion.The photoresist is then applied to the wafer surfa
e in small quantitiesusing a �ltered syringe, and is spun at a set speed and time to determinethe thi
kness of the resist layer. For photoresists, the last two digits in thename give an indi
ation of its thi
kness when spun at 4000 rpm for 30 s.



Fabri
ation te
hniques 33For example, the most 
ommonly used resist, Shipley 1818, 
an a
hieve athi
kness of 1.8 �m, whereas for AZ4562, its thi
kness is 6.2 �m. AlthoughS1818 is the most 
ommonly used photoresist, in this work it is not suitablefor all pro
esses. An example of this is its unsuitability for use as a mask fordry et
hing. In this 
ase a more resilient photoresist su
h as AZ4562 shouldbe used (This will be 
overed later on in 
hapter 7).The sample is pla
ed in an oven (90oC) for 30 minutes to remove anyremaining solvent in the resist. The sample is then exposed in the proje
tionprinter (or mask aligner) for a time determined by the photoresist type andfeature sizes. It is then developed in a developer solution for a time and typedetermined by the resist type. (Examples of su
h times are given in table2.1)Resist Type S1818 AZ4562Spin Resist 4000 rpm for 6 s 1500 rpm for 60 sSoft bake 30 min at 90oC 30 min at 90oCExposure 4.2 s 30 sDevelopment 1:1 H20:Mi
roposit (2 mins) 4:1 H20: AZ400K developer (4 min)Table 2.1: Appli
ation parameters for varying types of resistsA post bake is then done for 30 minutes for samples whi
h use the pho-toresist as an et
h mask. The perfe
t photoresist pattern should be one withsharp edges (90o resist pro�les) along the geometries of the required design.This situation is not always realised as photolithographi
 pattern transfer
an be a�e
ted by di�ra
tion, leading in some 
ases to in
omplete exposureor the broadening of the features. Modi�
ations to this standard pro
ess areshown in 
hapter 6 for the produ
tion of UV dete
tors from GaN.
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hniques 342.2.2 E-BeamWhereas the in
ident exposure sour
e for photolithography is UV (em radi-ation), for e-beam it is ele
trons. Using Rayleigh's 
riterion [14℄Wmin = k �NA (2.1)whereWmin is the minimum feature size, � is the wavelength of the sour
eand k and NA are 
onstants related to the resist and aperture, we see thatthe limit of the resolution is proportional to the wavelength.As the wavelength of multi-keV ele
trons is mu
h shorter than the wave-length of UV, the resolution is therefore improved, resulting in the ability towrite smaller sized features (� 10nm). In addition, as no physi
al masks areused (instead the design is written in a pattern 
ontrolled by a CAD �le),e-beam is a more �exible tool, as 
hanging designs doesn't imply higher ex-penses and long delays. The main disadvantage of e-beam lithography is thespeed of pattern writing, as the e-beam writes one pixel at a time (serially)whereas opti
al lithography writes all pixels instantaneously (parallel) and is
onsequently mu
h qui
ker.E-Beam Ma
hineThe e-beam ma
hine (or beamwriter) used was the Lei
a EBPG5 HR100[15℄. Fig 2.4 shows the main 
omponents of the beamwriter. The ele
tronsare generated by an ele
tron gun at the top. The ele
tron gun is usuallymade of a material that 
an emit a suitable 
urrent density of ele
trons, su
has a single 
rystal of lanthanum bromide (LaB6) or a tungsten �lament. The
ondenser lenses are used to fo
us the beam size to a set diameter, knownas the spot size. The blanking plates are used to swit
h the beam on and
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ation te
hniques 35o�, while the �nal set of lenses is used to dire
t the beam of ele
trons withinthe s
anning �eld to positions on the substrate below. The aperture 
ontrolsthe 
urrent density of the beam. The substrate is on a me
hani
al stage
ontrolled by an interferometer, whi
h 
an be moved so the s
anning �eld
an impinge on every part of the substrate.

Figure 2.4: S
hemati
 diagram of e-beam ma
hine [13℄E-Beam ParametersThe patterns used in e-beam lithography are designed in a CAD pa
kage(Wavemaker or L-edit) and are stored as GDS �le types. The GDS �les arethen transferred to a 
omputer 
alled CATS (Computer Aided Trans
riptionSystem) where they 
an be 
hanged into �les readable by the program BELLE(Beamwriter Exposure Layout for Lithographi
 Engineers) (Fig 2.5). On
ein BELLE, parameters of the pattern writing 
an be set and an indi
ationof the job time is given. The parameters are shown in Table 2.2.
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           the control roomFigure 2.5: Computer and �letypes used for e-beam lithographyThe writing time of a job 
an be 
al
ulated astime = total 
hargebeam 
urrent = area� dose(
harge=area)beam 
urrent (2.2)Also, the spot size in
reases linearly with the beam 
urrent. A spot size of160nm has a beam 
urrent of 24 nA. This means a 1
m2 substrate requiringa dose of 300 �C/
m2 would takeJob time = 1� 300�C0:024�A = 12500s = 3:47 hrs (2.3)Larger spot sizes are therefore used for larger features to redu
e write times.The smallest features that 
an be written are �30 nm features using a 12 nmspot size with a beam energy of 100 kV. Registration (using suitable markers)
an be done to 50 nm, a vast improvement on photo lithography, whi
h islimited to �5 �m.
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ation te
hniques 37Parameter Consequen
eBeam Energy (kV) 20, 50 or 100. Beam energy 
ontrolsthe minimum writable featureJob Type Simple - for a 1 layer patternRegistration - if job is to be written on a previous layerSample Size Can range from 0.5 mm2 to 5" mask plates (in spe
ial holders)Spot Size (nm) Measure of the physi
al size of the beam. Smaller spotsizes a
hieved when operating with small apertures andat 100 kV.Dose Measure of 
harge/area (how long the beam stays on one area).Value used is determined by the type of resist usedResolution Patterns are written in blo
ks of a size= 32000 resolution steps (nm)Table 2.2: Parameters for e-beam jobsA major problem asso
iated with e-beam jobs is stit
hing errors. Stit
hingerrors 
an o

ur when the blo
k size (whi
h is 
ontrolled by the resolution)is smaller than the pattern size and so the pattern is written in a matrix ofblo
k sized areas. Consequently, shapes that o

ur on blo
k boundaries 
anbe written in
orre
tly as a small error 
an o

ur in the alignment of adja
entblo
ks.E-Beam Resist and Appli
ationThe most 
ommonly used e-beam resist is PMMA (polymethyl metha
ry-late), whi
h is a resist with a long 
arbon 
hain monomer. The in
identele
trons intera
t with the atoms of the resist, produ
ing a high 
on
entra-tion of se
ondary ele
trons. These intera
tions 
ause the 
hemi
al bondsof the resist to be broken (
hain s
ission) into smaller mole
ular fragments.These smaller fragments have a redu
ed mole
ular weight, resulting in the ir-radiated areas dissolving more qui
kly in the developing �uid MIBK (methyl



Fabri
ation te
hniques 38isobutyl ketone). The fabri
ation te
hniques used for e-beam lithography aresimilar to those used for photo-lithography (Parameters are given in Table2.3). Step ParametersSpin Resist Applied with pipette and spun at 5000 rpm for 60 sSoft bake 30 min at 180oC to remove solventPattern Writing Spot size, dose and energy dependenton resist type and size and density of featuresDevelopment Sample developed in solution of1:1 MIBK:IPA for 60 s at 23oCTable 2.3: Appli
ation parameters for e-beam resistsChapter 6 will show in more detail the optimisation of e-beam parame-ters ne
essary for the fabri
ation of GaN dete
tors with interdigitated �ngerdiodes with spa
ings <10 �m.2.3 Lift-O�For the appli
ation of metal 
onta
ts using the patterned resist, we use ate
hnique known as lift-o�. A thin layer of metal is deposited on the surfa
eof the sample (on top of the patterned resist) using evaporation te
hniques.Su
h a deposition is highly dire
tional so that no metal is deposited on thesidewalls of the developed resist. This 
auses a break in the metal layer
ontinuity along the pro�le of the resist/surfa
e interfa
e. The sample isthen pla
ed in a
etone where any remaining resist is subsequently dissolved.This leaves well-de�ned 
onta
t regions in the shape of the initial mask design(Fig 2.6).
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Figure 2.6: Pro
ess sequen
e for photolithographi
 lift-o�2.3.1 Surfa
e PreparationWhen fabri
ating S
hottky 
onta
ts, the 
ontrol of the metal-semi
ondu
torinterfa
e is very important. Ideally, the interfa
e should be defe
t and oxidefree, and atomi
ally smooth. Conta
ts formed on materials with super�
ialoxide layers will have ele
troni
 properties that vary from theoreti
al pre-di
tions. Prin
ipally, the size of the 
onta
t potential, whi
h is theoreti
allydetermined by the di�eren
e of the metal's work fun
tion and the semi-
ondu
tor's ele
tron a�nity, will instead be de�ned - and redu
ed - by theproperties of any oxide layer present. This e�e
t is known as Fermi pinning.To minimise the e�e
ts of surfa
e states, samples 
an be 
leaned in dilutehydro
hlori
 a
id (HCl), hydro�uori
 a
id (HF) or Aqua regia (3M HCl: 1MHNO3) before the metal is applied to the surfa
e.2.3.2 Lift-o� Enhan
ementTo redu
e the 
han
es of an imperfe
t lift-o� - when some or all of theunwanted metal remains on the surfa
e - pro
esses 
an be optimised to en-
ourage an overhang on the surfa
e of the resist edges. Two su
h te
hniques
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hlorobenzene soaks (photolithography) and bi-layers of resist (e-beam)Chlorobenzene SoakAfter the photoresist is spun on, the sample is baked in the 90oC oven for15 minutes. On
e removed, it is pla
ed in a solution of 
hlorobenzene for 15minutes. This soaking pro
ess hardens the surfa
e skin of the resist, redu
ingthe dissolution of this top layer, 
ausing a pronoun
ed overhang in the resist(Fig 2.7). The sample is then baked for a further 15 minutes and developedfor 112 times the usual developing time.

Figure 2.7: E�e
ts of a 
hlorobenzene soak on the resist pro�le [14℄Bi-layer resistsTwo layers of resist with varying mole
ular weights 
an be used to 
reate anoverhanging shape (Fig 2.8). A layer of high mole
ular weight resist is spunon top of a layer of low mole
ular weight resist. The higher mole
ular weightresist on top has fewer mole
ules in its resist layer.
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Figure 2.8: E�e
ts of a bi-layer resist on the pro�le2.4 Et
hingIn many 
ases, it is desirable to pattern de�ned shapes not only on the surfa
ebut also into the bulk of a material. The ability to 
reate 3D stru
tures su
has 
hannels and vias in a material 
an have appli
ations ranging from pixeldete
tors with p-n jun
tions, where isolated pillars of p or n-type materialmay be fabri
ated, to mi
ro�uidi
 devi
es, where 
hannels are made to permitthe movement of pre
isely 
alibrated volumes of �uids in a sili
on substrate.The et
hing of a substrate 
an be performed using liquid 
hemi
als (wet-et
hing) [16℄ or by using plasmas (dry et
hing), whi
h remove areas of asubstrate via 
hemi
al and/or physi
al (sputtering) intera
tions. For dryet
hing, the et
h rate is less sus
eptible to 
hange from small variations inthe wafer temperature than for wet et
hing. The dry et
hes are also moreanisotropi
 (Fig 2.9) and produ
e less 
hemi
al waste. For these reasons, dryet
hing was the prin
ipal te
hnique used in this work.
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Figure 2.9: Examples of the et
h e�e
ts of wet and dry et
hing te
hniques2.4.1 Dry Et
hingDry et
hing involves the use of plasmas to remove unmasked portions of asubstrate, leaving the mask and areas under the mask untou
hed. A plasmais de�ned as a partially ionized gas, where a small fra
tion of the gas 
ontainsdisso
iated atoms or mole
ular fragments 
alled radi
als, or ions in the formof 
harged atoms or mole
ules. It is these ion spe
ies that perform theremoval of the et
h layer either through sputtering or, along with the radi
als,through 
hemi
al rea
tions. The pro
esses whi
h 
an o

ur in the most
ommon method of plasma generation -DC glow dis
harge -, are shown inTable 2.4. Typi
ally, radi
als and 
harged spe
ies a

ount for 1% and 0.01%of the total plasma, respe
tively [17℄.Plasma GenerationA plasma 
an be generated when a DC bias is applied between two ele
trodesin the presen
e of a gas at low pressure (Fig 2.10). The 
ondu
tion pro
essis depends on the presen
e of ions. As the bias is in
reased, several di�er-ent 
urrent-voltage regimes are seen (Fig 2.11) indi
ating di�erent pro
esses
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tionDisasso
iation e� + AB *) A+B + eAtomi
 Ionisation e� + A *) A ++e+ eMole
ular Ionisation e� + AB *) AB+ + e + eAtomi
 Ex
itation e� + A *) A� + eMole
ular Ex
itation e� + AB *) AB� + eTable 2.4: Pro
esses o

urring in a glow dis
harge (* and + indi
ate energeti
and 
harged atoms/mole
ules, respe
tively)
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Figure 2.10: S
hemati
 stru
ture of a DC plasmao

urring between the ele
trodes and the gas.Natural ionisation 
aused by 
osmi
 rays and ba
kground radiation 
re-ates a minute 
urrent when a small ele
tri
 �eld is 
reated a
ross the ele
-trode. This region is known as the ba
kground ionisation. As the voltageis in
reased the 
urrent in
reases steadily until saturation o

urs. At thispoint, the ele
tri
 �eld 
annot 
reate any new ionisation in the gas.Beyond this regime, (Townsend regime) produ
tion of se
ondary ele
tronso

urs via 
ollisions, along with the emission of se
ondary ele
trons from
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Figure 2.11: Varying 
urrent voltage regimes for DC dis
harging [17℄ions striking the 
athode surfa
e. These two pro
esses lead to an exponentialin
rease in the 
urrent levels, rising up until the breakdown voltage is rea
hed.At this stage, ele
trons (< 15eV ) begin to intera
t inelasti
ally with theatoms in the gas, ex
iting 
ore ele
trons to a higher energy state. After ashort time, de-ex
itation o

urs along with the emission of energy in thevisible spe
trum. This light emission is known as a glow dis
harge.There are areas between the 
athode and anode for whi
h no light emis-sion o

urs. These are known as dark spa
e regions, as illustrated in Fig2.12. At the 
athode, the ele
trons have too low an energy to 
reate opti
al
Cathode Anode

Crooke's Dark Space

Faraday Dark Space

Anode Dark Space

Figure 2.12: The dark spa
e regions of a DC plasma
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hniques 45emission. This area is known as Crooke's dark spa
e. The Faraday darkspa
e o

urs as the ele
trons have been a

elerated away from the 
athode,
onsequently too few ele
trons are left able to 
ause opti
al emission. Finally,as the anode a
ts as a sink for the ele
trons, there is too small a density ofele
trons in the vi
inity of the anode to permit emission. This results in theAnode dark spa
e.Due to the Crooke's dark spa
e, ions that drift and di�use to the edgeof this region are a

elerated to the 
athode. By pla
ing substrates on the
athode, we 
an use ion bombardment to en
ourage sputtering and 
hemi
alrea
tions with the substrate surfa
e. To prevent a 
harge build-up on thesurfa
e of the substrate, et
hing tools drive the plasma using an AC signalinstead of a DC signal (Fig 2.13). The varying ele
tri
 �eld is in the RF(radio frequen
y) range and is set at a standard frequen
y of 13.65MHz.
RF power 

Supply

CBlocking

Zsub

+

V

-Figure 2.13: S
hemati
 stru
ture of a RF plasmaAt low frequen
ies, the plasma and the width of the dark spa
es pulsate



Fabri
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hniques 46in time with the applied signal. However, when the frequen
y is greater than10kHz, the ions are too heavy and therefore too slow to be able to followthe 
hanges in voltage. The ele
trons are mobile enough to os
illate betweenthe ele
trodes, giving ea
h a negative 
harge after striking the surfa
e. Thisresults in a dark spa
e at ea
h ele
trode, and a voltage drop between theplasma and ea
h ele
trode. The potential drops for a parallel plate rea
torare related by V1V2 = �A2A1�q (2.4)where V is the the potential between the plate and the plasma, A is the areaof the plate and the exponent q ranges from 1 to 2.5. The most 
ommon RFplasma rea
tor for appli
ations su
h as RIE (rea
tive ion et
hing) uses su
ha parallel plate 
on�guration, but with one larger ele
trode grounded. Usinga smaller 
athode in
reases the potential drop to the 
athode.Chemistry of a plasma et
hA range of gases 
an be used in RIE for et
hing of substrates. The gas usedto et
h sili
on in this work was SF6. The 
hemistry of the et
hing is highly
omplex and is not 
ompletely understood [18℄, but the general pro
essesinvolved in the et
h 
an be des
ribed as follows:The formation of ion and radi
al spe
ies by ele
tron impa
t disso
iationis shown by SF6 + e� => SxF+y + SxF �y + F � + e� (2.5)O2 + e� => O+ +O� + e� (2.6)The oxygen rea
ts with the surfa
e of the sili
on forming an oxide layer



Fabri
ation te
hniques 47O� + Si(s) => Si(s)� n0 => SiOn(sf) (2.7)where (s) and (sf) are surfa
e and surfa
e �lm respe
tively, and where �indi
ates a 
hemi
al bond. This layer is removed by the plasma prior to theet
hing by the �uorine radi
al.SiOn(sf) + F � => SiOn(sf)� F (2.8)
SiOn(sf)� nF => Ion Energy => SiFx(ads) + SiOxFy(ads) (2.9)The F is adsorbed onto the surfa
e and removed by ion bombardment. Fi-nally, the F is able to et
h the Si through adsorption, followed by produ
tformation then desorption as a gasSi+ F � => Si� nF (2.10)Si� nF => Ion Energy => SiFx(ads) (2.11)SiFx(ads) => SiFx(g) (2.12)Et
h e�e
tsAlong with the 
hosen gas, varying parameters su
h as the pro
ess power,pressure and gas �ow rates 
an alter the performan
e of a dry et
h. Thequality of the �nished et
hed substrate is usually 
ompared in the following
ategories [19℄:
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hniques 48� Et
h rate - The velo
ity at whi
h the et
hed layer will be removed inthe verti
al dire
tion below the mask� Sele
tivity - The ratio of et
hed material to et
hed mask� Uniformity - A measure of how uniform the �ux of a
tive spe
ies is onthe surfa
e of the wafer� Dire
tionality - The ability of the pro
ess to et
h only the areas to beet
hed, and not the mask or areas under the maskThe e�e
t of varying parameters on the et
h quality will be shown inmore detail in Chapter 7.2.4.2 Indu
tively Coupled PlasmaA variation of the standard RIE is to in
rease the density of ion spe
ies byusing a HDP - high density plasma - sour
e. One su
h 
on�guration is theIndu
tively Coupled Plasma (ICP) system (Fig 2.14), where the RF power is
oupled to a plasma through an os
illatingmagneti
 �eld (indu
tive 
oupling)instead of an os
illating ele
tri
 �eld (
apa
itive 
oupling) [19℄.The operating power levels of an ICP system are up to 2 kW insteadof the few hundred Watts as is standard for 
apa
itively 
oupled (CC) RFsystems. This results in higher plasma densities of up to 1018 ele
trons m�3.The ICP is operated at a pressure of 1-20 mTorr, far lower than that for CCsystems. This is desirable for both et
hing and deposition appli
ations, asthe mean free path is in
reased and little s
attering of ions or a
tive spe
ieso

urs before hitting the wafer. Higher densities also mean higher �uxes ofion and a
tive spe
ies, whi
h in turn in
reases et
h rates.
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Figure 2.14: S
hemati
 diagram of an indu
tively 
oupled plasma (ICP)ma
hine [20℄ASETM Pro
essAn ICP 
an be used for advan
ed sili
on et
hing (ASETM) te
hniques [20,21, 22, 12℄. This pro
ess swit
hes between periods of passivation and et
hingpro
esses ( C4F8 and SF6 respe
tively). In the passivation step, a thin layeris deposited on the surfa
e and sidewalls. In the following et
h pro
ess, thepassivation is removed from the bottom of the holes with the aid of ionenergy. As the lateral et
h rate is mu
h slower than the verti
al et
h rate,high aspe
t ratios (around 13:1) and well-de�ned holes (with minimal et
hdamage) 
an be a
hieved.CF4 + e� => CF+x + CF �x + F � + e� (2.13)nCF �x => nCF2(ads) => nCF2(f) (2.14)
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nCF2(f) + F � => Ion Energy => CFx(ads) => CFx(g) (2.15)The use of the ASETM pro
ess for the produ
tion of Si devi
es is shownin 
hapter 7, as well as the use of parameter ramping - the variation of powersand pressures through the 
ourse of an et
h - to enhan
e the upper aspe
tratio of holes in Si.



Chapter 3Dete
tor theory
3.1 Introdu
tionTo understand the use of GaN as both a UV and parti
le dete
tor, a reviewof dete
tor theory is presented in this 
hapter. The 
on
epts of semi
ondu
-tor 
rystal stru
ture, 
arrier transport and metal-semi
ondu
tor 
onta
ts areoutlined, with an emphasis pla
ed on the theory of S
hottky barriers. Thistype of operation of semi
ondu
tors is important when using wide band-gapmaterials, due to the extreme di�
ulty in fabri
ating p-n jun
tions in su
hmaterials. Also 
overed are the ways in whi
h various types of ionising radi-ation 
reate 
harge (signal) in dete
tor material. In this 
hapter, images andinformation have been taken from the following books: "Physi
s of semi
on-du
tor devi
es" by Sze [23℄, "Metal Semi
ondu
tor Conta
ts" by Rhoderi
k[24℄ and "Radiation Dete
tion and Measurement" by Knoll [25℄.3.2 Solid State Theory3.2.1 Crystal Stru
tureThe 
onstituent atoms of a semi
ondu
tor are arranged in a 3 dimensionalperiodi
 stru
ture. This stru
ture is referred to as a latti
e, where a latti
e51



Dete
tor theory 52is de�ned as being an in�nite array of points in spa
e arranged so that everylatti
e point has identi
al surroundings. For every semi
ondu
tor there is aunit 
ell whi
h, when repeated, generates the latti
e. Shown in Fig. 3.1 arethree examples of su
h unit 
ells; the simple 
ubi
, the body 
entred 
ubi
,and the fa
e 
entred 
ubi
.
Figure 3.1: Examples of the (a) - simple 
ubi
, (b) - body-
entred 
ubi
 and(
) - fa
e-
entred 
ubi
 latti
e stru
tures [23℄A simple 
ubi
 latti
e 
onsists of an atom at the 8 
orners of a 
ubeea
h separated by a distan
e a, known as the latti
e 
onstant. For the body
entred 
ubi
, a similar stru
ture is found, with the addition of an atom atthe 
entre of the 
ube. Finally for the f

, an atom is situated at the 
entreof ea
h of the six fa
es of the 
ubi
 latti
e, as well as one in ea
h of theeight 
orners. These latti
es have atoms with 6, 8 and 12 nearest neighboursrespe
tively.Semi
ondu
tors, su
h as Si, GaAs and GaN have more 
omplex 
rys-tal stru
tures (Fig 3.2). Sili
on has a unit 
ell (with latti
e 
onstant a =0:543nm) whi
h derives from the 
ubi
-
rystal family, with a diamond latti
estru
ture. This 
an be visualised as two inter-penetrating f

 sub-latti
es,with one sub-latti
e displa
ed by 14 of the distan
e along a diagonal of the
ube. For sili
on, ea
h atom in the unit 
ell is of the same type. For many
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ompound semi
ondu
tors the stru
ture is identi
al, apart from ea
h f

 sub-latti
e 
onstituting a di�erent type of atom. This type of unit 
ell is 
alledzin
 blende. Wurtzite is the hexagonal 
lose pa
king analogue of zin
-blendestru
tures (whi
h is 
ubi
 
lose pa
king) and is the most 
ommon stru
turefor GaN (Fig 3.3). The latti
e 
onstants for wurtzite GaN are a = 0:319 nmand 
 = 0:5165 nm.

Figure 3.2: Examples of the (a) - diamond and (b) - zin
blende latti
e [23℄

Figure 3.3: Examples of the planar views of (left) zin
-blende and (right)wurtzite stru
tures [26℄Semi
ondu
tors 
an be 
lassed into two types: elemental and 
ompound.Elemental semi
ondu
tors are made of 
rystals deriving from one type ofatom eg Si, Ge. Compound semi
ondu
tors are made up of more than onetype of atom, su
h as GaN or InP. These 
ompound semi
ondu
tors belong
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tor theory 54to the III-V group of semi
ondu
tors. This is be
ause the �rst and se
ondelements 
an be found in group III and group V of the periodi
 table respe
-tively.In 
ompound semi
ondu
tors, the di�eren
e in ele
tro-negativity leads toa 
ombination of 
ovalent and ioni
 bonding, whereas for elemental semi-
ondu
tors the bonding is 
ompletely 
ovalent. Ternary semi
ondu
tors areformed by the addition of a small quantity of a third element to the material,for example AlxGa1�xN (3.1)The subs
ript x refers to the per
entage of the element 
ontained in thematerial.3.2.2 Energy BandsThe ele
trons in an isolated atom are arranged into dis
rete energy levels.An example of this 
an be seen for the hydrogen atom, des
ribed by Bohr'smodel: EH = m0q48"20h2n2 = �13:6n2 eV (3.2)where m0 is the mass of an ele
tron at rest, "0 is the permittivity offree spa
e, h is Plan
k's 
onstant and q is the ele
tron 
harge. For theground state (where the prin
iple quantum number is n = 1) the ele
tronwill o

upy the energy level, E = �13:6eV . This 
hanges when two atoms ofthe same type are not far apart. In this 
ase for ea
h n value there is a doublydegenerate level, 
ontaining ele
trons with di�erent spin states. This is dueto Pauli's ex
lusion prin
iple for fermions. As the atoms be
ome 
loser, theenergy levels for ea
h n value will split into two.



Dete
tor theory 55When N atoms of the same type are brought together, the levels splitinto a seemingly 
ontinuous band of energies, 
onsisting of N separate butextremely 
lose levels. When the spa
ing de
reases to the order of the latti
e
onstant of the 
rystal, the energy band splits into two, forming a gap in theallowable energy of the ele
trons (Fig 3.4). This gap is known as the forbiddengap or bandgap. The band above is known as the 
ondu
tion band, whilethe band below is known as the valen
e band. The width of the band gapdetermines if the material is a 
ondu
tor, insulator or semi
ondu
tor.

Figure 3.4: Energy bands for insulators, semi
ondu
tors and 
ondu
tors [23℄In an insulator, the valen
e band is full and the 
ondu
tion band is 
om-pletely empty. The bandgap is so large that at room temperature, no appliedele
tri
 �eld is able to raise ele
trons from the valen
e band to the 
ondu
tionband. In a 
ondu
tor, the 
ondu
tion band is either partially �lled, or thevalen
e and 
ondu
tion bands overlap, resulting in the absen
e of a bandgap.Ele
trons 
an then be raised from the valen
e band to the 
ondu
tion band,gaining kineti
 energy and hen
e able to 
ondu
t ele
tri
ity.For a semi
ondu
tor, thermal vibrations are enough to break the 
ovalent
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tor theory 56bonds of the ele
trons to the atoms. When a break o

urs, an ele
tron isfreed and a hole is 
reated. A hole is analogous to an ele
tron in every wayapart from its positive 
harge. This means that holes 
an be in�uen
ed byan ele
tri
 �eld, but will travel in the opposite dire
tion to an ele
tron.3.2.3 Carrier Transport PhenomenaTo use semi
ondu
ting materials as dete
tors, we must be able to 
olle
tele
trons and holes 
reated by the ionising e�e
ts of in
ident radiation. We
an predi
t the movement of these 
arriers by studying how they are a�e
tedby large 
on
entration gradients (di�usion) and by applied ele
tri
 �elds(drift).Di�usionThe thermal energy of an ele
tron 
an be derived from the theorem forequipartition of energy. The theorem states that a free parti
le will have12kT units of energy per degree of freedom, where k denotes Boltzmann's
onstant and T the temperature. Therefore the kineti
 energy of an ele
tronmoving in 3-D spa
e is given by12mnv2th = 32kT (3.3)where mn is the e�e
tive mass of ele
trons and vth is the average thermalvelo
ity. The ele
trons will be s
attered by s
attering 
entres su
h as latti
eatoms, and 
onsequently move in random dire
tions, resulting in zero netdispla
ement for ea
h ele
tron over a suitably long period. We denote theaverage time between 
ollisions as the mean free time, �
. The mean freepath (the average distan
e between 
ollisions) 
an then be des
ribed as
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 (3.4)However, if there is a high 
on
entration of 
arriers, then these 
arrierswill tend to move from an area of high 
on
entration to an area of low
on
entration, resulting in a di�usion 
urrent. For a simple model, we takea 1D semi
ondu
tor of length x = 2l, with x = 0 positioned at the midpoint.On average, half of the 
arriers to the left of the zero will pass through zeroafter one mean free time, and half of the 
arriers on the right of the zero willpass through zero within the same period of time. The net �ux of 
arriersfrom left to right is then given byF = 12vth [n(�l)� n(l)℄ (3.5)Taking the �rst two expressions from the Taylor series expression of this �uxgives us [23℄ F = �vthldndx (3.6)We de�ne the di�usivity as D = �vthl (3.7)The di�usion 
urrent is therefore de�ned asJn = �qF = qDdndx (3.8)DriftAn ele
tron in a semi
ondu
tor 
an be a�e
ted by an ele
tri
 �eld, E, sothat the ele
tron begins to a

elerate in a dire
tion opposite to that of theele
tri
 �eld, experien
ing a for
e, Eq. The velo
ity at whi
h the ele
tronmoves when under the in�uen
e of an ele
tri
 �eld is 
alled the drift velo
ity,
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tron will retain this velo
ity until it eventually 
ollides withsomething, su
h as a latti
e atom or an impurity atom. The drift velo
ity
an be 
al
ulated by equating the momentum gained by an ele
tron (mnvn)with the momentum applied to the ele
tron between 
ollisions (�qE�
). iemnvn = �Eq�
 (3.9)Equation 3.9 
an be simpli�ed to givevn = � q�
mnE = ��nE (3.10)giving �n = q�
mn (3.11)where �n is the ele
tron mobility. Using equation 3.7 and equation 3.11Dn = kTq �n (3.12)Equation 3.12 is known as the Einstein Relation, and it relates mobilityto di�usivity. �n is a�e
ted by temperature. In
reasing the temperature 
ande
rease the mobility, as the in
rease in latti
e vibrations redu
es the meanfree time of the 
arriers. However, the mobility 
an also in
rease with tem-perature as impurity 
entres within a semi
ondu
tor have a redu
ed e�e
t.Listed in Table 3.1 are values for �n for various semi
ondu
tors, along withother important ele
troni
 properties.The saturation velo
ity vs des
ribes the maximum velo
ity with whi
h anele
tron travels through a semi
ondu
tor. vs is rea
hed when the relationshipbetween vd and E is no longer linear, the drift velo
ity begins to plateau atsu�
iently large �elds due to enhan
ed phonon emission. If dete
tors madefrom semi
ondu
tors are operated at a high enough bias, the 
olle
tion timefor the 
arriers 
an be in the order of nanose
onds.
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tor theory 59Property Si GaAs 4H-SiC GaNBandgap Eg (eV) 1.12 1.42 3.25 3.4Breakdown Field EB (MV 
m�1) 0.25 0.4 3.0 4.0Ele
tron Mobility � (
m2V �1s�1) 1350 6000 800 1300Hole Mobility � (
m2V �1s�1) 450 400 120 30Saturation Velo
ity vs (107
ms�1) 1.0 2.0 2.0 3.0Di�usivity Dn (V s
m�2) 34.97 155.4 20.72 33.67Table 3.1: Ele
troni
 properties for sele
ted semi
ondu
tors3.3 Metal Semi
ondu
tor Conta
tsEle
tron-hole pairs 
reated by ionising radiation have to be 
olle
ted at ele
-trodes, to be passed on to read-out ele
troni
s. These ele
trodes 
an bemade using metals whi
h form either Ohmi
 or S
hottky 
onta
ts. The per-forman
e of these metal semi
ondu
tor jun
tions depends on parameters ofboth materials. The most important parameters are des
ribed below.The work fun
tion of a metal, �m, is des
ribed as the amount of energyit takes to raise an ele
tron from the Fermi level, EF , to the va
uum level,or equivalently, to a state outside the surfa
e of the metal. EF is the energylevel at whi
h the probability of an ele
tron residing at that energy is exa
tly12 . This derives from the Fermi-Dira
 distributionF (E) = 11 + eE�EFkT (3.13)where F (E) is the probability of o

upation of an ele
tron at an energylevel E. The equivalent work fun
tion for a semi
ondu
tor is �s It is theenergy taken to raise an ele
tron from EF to the va
uum level. Anotherimportant parameter for semi
ondu
tors is the ele
tron a�nity, �s, whi
h isthe di�eren
e in energy between an ele
tron at the 
ondu
tion band, E
, and
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uum level (qVn is the energy taken to raise an ele
tron from the Fermilevel to the 
ondu
tion band). These de�nitions give usq�m = q(�s + Vn) (3.14)and 
an be seen in Fig 3.5.3.3.1 S
hottky BarriersAs stated earlier, one of the most 
ommon uses for metals on semi
ondu
torsare for Ohmi
 or S
hottky 
onta
ts. An Ohmi
 
onta
t is one with a verylow resistan
e, allowing the potential di�eren
e a
ross the 
onta
t to be pro-portional to the 
urrent �owing through it. If only ohmi
 
onta
ts are used,then the leakage 
urrent is so large that it makes it impossible to extra
t thesignal from the noise due to the leakage 
urrent. For this reason, re
tifying
onta
ts are used. These 
an be made using p-n jun
tions, or S
hottky 
on-ta
ts. Due to the di�
ulty in 
reating p-type regions in n-type substrates,S
hottky 
onta
ts are used for the 
reation of re
tifying 
onta
ts on GaN.

Figure 3.5: The formation of a S
hottky Barrier [23℄The S
hottky barrier is 
aused by a potential arising from the work fun
-tions of the materials. Fig 3.5 shows what happens to the energy levels when
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ondu
tor. At the far left, the materials arenot in 
onta
t and therefore not in thermal equilibrium. When the materialsare 
onne
ted by a thin wire of length, Æ, the Fermi levels for ea
h materialbegin to adjust to be the same. In an n-type semi
ondu
tor where�m > �s (3.15)realignment is 
aused by ele
trons �owing from the semi
ondu
tor to themetal. This 
auses a negative 
harge to be present at the metal surfa
e, anda positive 
harge in the semi
ondu
tor. This positive 
harge arises from theun
ompensated positive donor ions in a region depleted of ele
trons. As the
on
entration of donors is mu
h less than the 
on
entration of ele
trons, n,these positive donor ions o

upy a layer of semi
ondu
tor. This is referredto as the depletion layer, and is of a thi
kness W . This layer 
auses E
 andEv to bend. When Æ starts to be
ome in�nitesimally small as shown at thefar right of the diagram, an intimate S
hottky 
onta
t is formed.At this point, there exists at zero bias a built-in potential of qVbi. Theheight of the S
hottky barrier formed on an n-type semi
ondu
tor is givenby q�bn = q(�m � �s) (3.16)For a p-type semi
ondu
tor, we haveq�bp = Eg � q(�m � �s) (3.17)The bandgap of a semi
ondu
ting material is equal to the sum of the barrierheights on n-type and p-type substratesq(�bp + �bn) = Eg (3.18)
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hoosing di�erent metals with di�erent values of�m leads to varying S
hottky barrier heights. A range of �m and resultantS
hottky barrier heights on GaN are shown in Table 3.2. The above argumentMetal �m (eV) �bn (eV)Cs 2.14 -1.96In 4.12 -0.02Au 5.1 1Pd 5.12 1.02Ni 5.15 1.05Table 3.2: Work fun
tion and resultant S
hottky barrier heights on GaN(� = 4:1eV ) for sele
ted metals [24℄assumes a simple single surfa
e state. Non-intimate 
onta
ts result in barrierheights de�ned by surfa
e states rather than the work fun
tion. The band

Figure 3.6: The e�e
t of an applied bias on S
hottky barriers on n and p-typematerial [13℄stru
ture of a metal-semi
ondu
tor 
onta
t 
an be altered by applying an
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t of this is shown in Fig 3.6. The size of W , thedepletion width 
an be expressed asW = s 2�SqND (Vbi � V ) (3.19)where V is the applied external bias. This equation is based on the abruptapproximation (whi
h is the 
ase for a S
hottky barrier), where � = qND forx < W , and � = 0 and dVdx = 0 for x > W . The resulting 
apa
itan
e perunit area of the depletion region is given byC = s q�sND2(Vbi � V ) = �SW (3.20)Plotting a graph of 1=C2 vs V , we 
an extra
tND from the gradient of the lineand Vbi as the inter
ept on the x-axis (assuming ND is 
onstant throughoutthe depletion region).3.3.2 S
hottky E�e
t

Figure 3.7: The energy band diagram for a metal-va
uum interfa
e [23℄The S
hottky e�e
t des
ribes the the image for
e between the ele
tron andthe surfa
e of the metal. Considering the metal-va
uum 
ase, the minimum
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tron from the surfa
e of a metal is the workfun
tion, �m (Fig 3.7). When an ele
tron (with a 
harge �q) is a distan
ex away from the metal surfa
e, we 
an des
ribe this as being equivalent to apositive 
harge, q, lo
ated at �x, with respe
t to the metal (Fig 3.8). Theattra
tive for
e between ea
h 
harge and the metal surfa
e is the same, andfor the positive 
harge q, the attra
tive (or image) for
e felt is given by

Figure 3.8: (a) - Field lines and surfa
e 
harges due to an ele
tron in 
loseproximity to a perfe
t 
ondu
tor and (b) - the �eld lines and image 
hargeof an ele
tron [27℄
F = q24�"o(2x)2 = q216�"ox2 (3.21)This for
e gives the 
harge an energyEP = Z x1 F (x)dx = q216�"ox (3.22)With an applied external �eld, �, the total potential energy is then given byEPT (x) = q216�"ox + q�x (3.23)
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tor theory 65The maximum lowering xm, is given when dEPT =dx = 0, so eqn (3.23) sim-pli�es to q216�"0x2m = �q (3.24)For the semi
ondu
tor/va
uum system, we repla
e "o with "s, the permittiv-ity of the semi
ondu
tor, givingxm = s q16�"s� (3.25)The e�e
t of this image for
e is that the barrier that an ele
tron has tosurmount from a metal to a semi
ondu
tor is lowered by an amount, ��,whi
h is given by �� = s q�4�"0 = 2�xm (3.26)The lo
ation and magnitude of the redu
ed barrier height 
an be seen in Fig3.9.

Figure 3.9: The energy band diagram for a metal-va
uum interfa
e with theS
hottky e�e
t for n-type semi
ondu
tors [23℄
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esses

Figure 3.10: S
hemati
 diagram indi
ating the main 
urrent transport pro-
esses in a semi
ondu
tor [13℄The 
urrent a
ross a metal-semi
ondu
tor jun
tion is mainly due to ma-jority 
arriers. Three distin
tly di�erent me
hanisms exist (Fig 3.10):1. The transport of ele
trons over the potential barrier into the metal.This is done either by di�usion of 
arriers from the semi
ondu
tor intothe metal, or thermioni
 emission of 
arriers a
ross the S
hottky barrier2. Quantum-me
hani
al tunnelling through the barrier, where the wave-nature of the ele
trons is taken into a

ount, allowing them to penetratethrough thin barriers.3. Re
ombination of 
harges in the spa
e 
harge regionFor a given jun
tion, a 
ombination of all three me
hanisms 
ould ex-ist. However, typi
ally one �nds that only one limits the 
urrent, making
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urrent me
hanism. For S
hottky diodes operated at roomtemperature, the dominant me
hanisms are thermioni
 emission and di�u-sion. Current voltage 
hara
teristi
s for S
hottky diodes 
an be estimatedby 
ombining thermioni
 emission theory and di�usion theory. The di�u-sion of 
arriers is 
ontrolled by the region through whi
h they di�use. This
an be seen in Fig 3.9 where the ele
tron potential energy is plotted againstdistan
e, taking into a

ount the S
hottky e�e
t for a metal semi
ondu
torbarrier. The smoothing of the top of the 
urve is due to the ele
tri
 �eld
aused by the ionised 
arriers and the potential of the ele
trons as they nearthe metal surfa
e.The 
omplete expression for 
urrent transport des
ribed by the thermioni
-di�usion theory is [23℄ J = JS �exp qVkT � 1� (3.27)where JS = A��T 2 exp �q�BnkT ! (3.28)J is the 
urrent density (A
m�2), JS is the saturation 
urrent density andA�� is the e�e
tive Ri
hardson's 
onstant. From this relationship, we 
an
al
ulate the barrier height from 
urrent-voltage measurements using�Bn = kTq ln JsA��T 2 (3.29)3.4 Radiation Dete
tionThe basi
 prin
iple of operation for semi
ondu
ting radiation dete
tors isthat in
ident radiation loses energy as it passes through the dete
tor. Thenumber of ele
tron-hole pairs that are 
reated in the dete
tor is proportionalto the energy deposited in the dete
tor. Using Ramo's Theorem [28℄, 
harge
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tor theory 68is then indu
ed at the ele
trodes from the movement of these 
reated 
arriersunder an applied ele
tri
 �eld, with the indu
ed 
harge being proportionalto the distan
e the 
arriers travel normalised to the dete
tor thi
kness.However, the way in whi
h energy loss o

urs is strongly dependent onthe type and energy of the in
ident radiation. The following se
tion des
ribeshow heavy 
harged parti
les, fast ele
trons, neutrons and photons lose theirenergy.3.4.1 Heavy Charged Parti
lesFor heavy 
harged parti
les su
h as alpha parti
les, energy loss o

urs throughCoulomb intera
tions with the orbital ele
trons in the absorber material andthe 
harge of the in
ident parti
les (for radiation dete
tors we ignore alterna-tive nu
lear intera
tion events su
h as Rutherford s
attering). On enteringthe absorber material, the 
harged parti
le intera
ts simultaneously withmany ele
trons, either by ex
itation (raising an ele
tron to a higher shellwithin the absorber atom), or ionisation (
ompletely removing an ele
tronfrom the absorber atom). Ea
h time an intera
tion o

urs, the 
harged parti-
le loses energy, and 
onsequently loses velo
ity. This pro
ess 
ontinues untilthe parti
le is stopped.The spe
i�
 energy loss of a 
harged parti
le, S, is de�ned asS = �dEdx (3.30)This is also referred to as the limiting stopping power. For fast parti
les, theBethe-Blo
h formula [25℄ gives the energy loss for a known 
harge state andvelo
ity as �dEdx = 4�e4z2m0v2 NB (3.31)
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tor theory 69where B = Z "ln 2m0v2I � ln(1� v2
2 )� v2
2 # (3.32)v and ze are the velo
ity and 
harge of the in
ident parti
le, N and Zare the number density and atomi
 number of the absorber atoms, m0 isthe ele
tron rest mass and e is the ele
troni
 
harge. I is an experimentallydetermined parameter a

ounting for the average ex
itation and ionisationpotential of the absorber. Only the �rst term in equation 3.31 is signi�
antfor non-relativisti
 parti
les.From equation 3.31 we note that energy loss for fast parti
les is propor-tional to 1=v2. The slower an in
ident parti
le is, the greater time it spendsnear ele
trons in the absorber, and 
onsequently the Coulomb and thereforeenergy transfer is large. We 
an also see from equation 3.31 that energy lossis also proportional to z2. This means the more 
harge an in
ident parti
lehas, the greater the energy loss.The spe
i�
 energy loss of 
harged parti
les 
an be plotted against thedistan
e the parti
le penetrates into the absorber. This is known as a Bragg
urve. The Bragg 
urve for a 5.48 MeV � parti
le in GaN is shown in Fig3.11. The range of su
h a parti
le in GaN was 
al
ulated using the SRIMpa
kage [29℄3.4.2 Fast Ele
tronsFor fast ele
trons, energy loss in an absorber o

urs at a slower rate relative toheavy 
harged parti
les. In addition, as ele
trons are of the same size as theele
trons in the absorber, large deviations 
an o

ur in 
ollisions. Ele
tronnu
lear intera
tions 
an also o

ur, also signi�
antly 
hanging the parti
le'spath. These e�e
ts result in a modi�ed version of the Bethe-Blo
h equation
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Figure 3.11: The spe
i�
 energy loss of a 5.48MeV � parti
le in GaN[25℄ � dEdx !
 = 2�e4NZm0v2 A (3.33)whereA = "ln m0v2E2I2(1� �2) � (ln 2)�2q1� �2 � 1 + �2�+ (1� �2) + 18 �1�q1� �2�2#(3.34)and � = v=
.As well as these 
ollisional intera
tions, energy loss 
an o

ur throughradiative pro
esses su
h as bremsstrahlung, in whi
h X-rays are released whenthe ele
tron de
elerates suddenly. The spe
i�
 energy loss due to radiativepro
esses is given by [25℄� dEdx !r = NEZ(Z + 1)e4137m0
4 �4ln 2Em0
2 � 43� (3.35)The total linear stopping power for ele
trons is therefore dEdx ! =  dEdx !
 +  dEdx !r (3.36)with the ratio of spe
i�
 energy losses given as(dE=dx)r(dE=dx)
 � EZ700 (3.37)
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esses tend to dominate when the energy of the ele
tron isgreater than � 10MeV .3.4.3 NeutronsAs with photons, neutrons 
arry no 
harge and therefore do not undergoCoulomb intera
tions with the absorber material. Consequently, in
identneutrons 
an often travel through 
entimeters of material without intera
t-ing. On intera
tion, a neutron is either altered in energy and dire
tion, ordisappears and is repla
ed with the produ
t of se
ondary rea
tions. However,unlike photons, these intera
tions often 
reate heavily 
harged parti
les.Neutron intera
tions are either fast (high energy) or slow (low energy)neutron intera
tions. Slow neutron intera
tions in
lude elasti
 s
atteringbetween absorber nu
lei, in whi
h relatively little energy is transferred in the
ollisions, and inelasti
 nu
lear rea
tions. The former type of rea
tion is thennot useful for dete
ting slow neutrons as little ionisation takes pla
e. Thehigh probability of elasti
 s
attering, however, a
ts to redu
e the in
identneutrons to thermal equilibrium with the absorber.The most e�
ient way to dete
t su
h neutrons is from the produ
tsof se
ondary rea
tions from neutron-indu
ed nu
lear rea
tions. The (n,p),(n,�ssion) and (n,�) rea
tions produ
e se
ondary radiations in the form of
harged parti
les whi
h 
an be dete
ted. The (n, 
) intera
tion 
an also o
-
ur, but is hard to measure due to the di�
ulty in dete
ting the 
 emission.For fast neutrons, dete
tion be
omes harder with in
reasing energy lev-els. However, the energy transferred on s
attering is in
reased, 
reating these
ondary produ
ts known as re
oil nu
lei, whi
h re
eive energy from theneutron 
ollisions. If the energy of the neutron is high enough, inelasti
 s
at-
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an o

ur, 
ausing the re
oil nu
lei to be raised to a higher ex
itedenergy state. After a short time, the re
oil nu
leus de-ex
ites, and 
 raysare released. The nu
leus loses a greater fra
tion of energy in this pro
essthan it would from an elasti
 
ollision and, 
onsequently, su
h a rea
tion 
an
ompli
ate the dete
tion of fast neutrons.Ea
h energy value of neutrons has a 
orresponding 
ollision probabilityor 
ross-se
tion, �, asso
iated with it. For N nu
lei per unit volume, thema
ros
opi
 
ross-se
tion � is � = N� (3.38)and the rea
tion rate density (RRD) asRRD = �(r; E)�(E)dE (3.39)where �(r) is the neutron �ux.3.4.4 X-rays/ 
-raysThere are three main pro
esses by whi
h a photon 
an intera
t with an ab-sorber: photoele
tri
 absorption, Compton s
attering or pair produ
tion. Allthree pro
esses allow energy transfer from the photon to the absorbing mate-rial. The two main 
hara
teristi
s of photon intera
tions with an absorbingmaterial are that� Due to their smaller intera
tion 
ross-se
tion, photons penetrate mu
hfurther into a material than 
harged parti
les do� A photon beam passing through a material undergoes a redu
tion inintensity, but not in energy
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ond 
hara
teristi
 arises be
ause a photon is either removed fromthe beam by absorption (photoele
tri
 e�e
t or pair produ
tion), s
atter-ing (Compton), or it undergoes no intera
tions and passes straight throughthe material. Those that do pass straight through the material retain theiroriginal energy. The attenuation that o

urs for a beam of photons passingthrough a material is des
ribed byI(x) = I0 exp(��x) (3.40)where I0 is the initial beam intensity, x is the thi
kness of the absorber and� is the absorption 
oe�
ient, whi
h depends on the absorbing material andis related to the total 
ross-se
tion.Photoele
tri
 E�e
tFor the photoele
tri
 e�e
t, an in
ident photon disappears 
ompletely onintera
tion with an absorber atom. A photoele
tron is freed from a boundstate in the absorber atom. The photoele
tron will have an energy given byE = h� � Eb (3.41)where Eb is the energy of the ele
tron in its bound state. The photoele
tri
e�e
t is the dominant intera
tion pro
ess for low energy 
-rays and X-rays.The probability of photoele
tri
 intera
tion also in
reases with the atomi
number, Z, of the absorber material as shown by� � 
onst:� ZnE3:5
 (3.42)where 4 < n < 5, depending on the photon energy.
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Figure 3.12: Compton s
attering of a photon in
ident on a "free" ele
tron[13℄Compton E�e
tCompton s
attering (Fig 3.12) o

urs between an in
ident photon and anele
tron from an absorber atom. On intera
tion, the photon is s
attered atan angle � relative to its original dire
tion. The ele
tron whi
h is stru
kby the photon (known as the re
oil ele
tron) gains energy from the 
ollisionand it too is s
attered at an angle �. Solving simultaneous equations for the
onservation of energy and momentum, the energy transfer and s
atteringangle are related throughh� 0 = h�1 + h�m0
2 (1� 
os�) (3.43)where m0
2 is the rest mass energy of an ele
tron (0.511 MeV). The proba-bility of Compton s
attering in
reases linearly with Z.Pair Produ
tionIf an in
ident photon has an energy of at least 2m0
2 (1.022 MeV), it 
an betransformed into an ele
tron-positron pair. The produ
ed positron eventu-
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k-to-ba
k photons. Aspair produ
tion dominates only at very high energies, the probability of o
-
urren
e is very low. The relative importan
e of these three pro
esses for arange of photon energies 
an be seen in Fig 3.13.

Figure 3.13: The relative importan
e of the photoele
tri
 e�e
t, Comptons
attering and pair produ
tion over a range of energies [30℄The following 
hapters will now show the experimental results for theintera
tion of protons and neutrons (Chapters 4 & 7) and 
-rays and X-rays(Chapters 4 & 6) with fabri
ated GaN and 3D Si dete
tors.



Chapter 4GaN as a radiation hard dete
tor
4.1 Introdu
tionAs stated previously, GaN is a solar blind material (Eg=3.42 eV), and 
on-sequently it has a higher signal-to-noise ratio for UV than, for example,sili
on. This has led to its use in developments in te
hnologies su
h as lasersand high-brightness light emitting diodes in the blue and UV wavelengths.However, due to its high density (6.15 g
m�3) and high threshold voltage,GaN is now being re
ognised as a possible material on whi
h to fabri
ate ion-ising radiation dete
tors. This avenue of resear
h is en
ouraged by the desireto investigate viable alternatives to sili
on as a radiation hard material, asdetailed by the requirements of an upgraded Large Hadron Collider at CERN[31℄. For su
h an a

elerator, dete
ting materials must be able to operateafter re
eiving an estimated 10 year �uen
e of up to 1�1016 hadrons/
m2.This work will detail the �rst results taken on the variation of leakage 
urrentand degradation of 
harge 
olle
tion e�
ien
y of GaN S
hottky pad diodesafter irradiation with �uen
es of protons, neutrons and X-rays.

76



GaN as a radiation hard dete
tor 774.2 Radiation Hard Materials4.2.1 Radiation DamageRadiation damage des
ribes the detrimental 
onsequen
es of exposure toradiation. The severity of the damage depends on su
h parameters as thetype of in
ident parti
le (
harged or neutral) and its energy (Details for 1MeV parti
les are given in Table 4.1). Generally, heavier parti
les are slower,stopped easily and deposit almost all their energy in a short distan
e. Forthe same energy for ele
trons (1 MeV), the parti
le is already relativisti
.Chara
teristi
 Alpha Proton Beta (�) or Photon Neutron(Radiation E=1MeV) (�) (p) Ele
tron (e) (
 or X-ray) (n)Symbol 42� or He2+ 11p or H1+ 0�1e or � 00
 10nCharge +2 +1 -1 neutral neutralIonisation Dire
t Dire
t Dire
t Indire
t Indire
tMass (amu) 4.00277 1.007276 0.000548 - 1.008665Velo
ity (
m/se
) 6:944� 108 1:38� 109 2:82� 1010 2:998� 1010 1:33� 109� 2.3% 4.6% 94.1% 100% 4.6%Range in air (
m) 0.56 1.81 319 82,000* 39,250*Table 4.1: Comparison of ionising radiation (* range based on a 99.9% re-du
tion)There are 3 main ma
ros
opi
 e�e
ts asso
iated with the energeti
 hadronirradiation of high-resistivity sili
on diodes [32℄:1. n-type material undergoes type inversion and be
omes e�e
tively p-type under bias. Further irradiation 
hanges the e�e
tive doping 
on-
entration, Neff , 
onsequently in
reasing the depletion voltage.2. An in
rease in leakage 
urrent o

urs proportional to the irradiation �u-en
e, 
aused by the 
reation of re
ombination/generation 
entres. This
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tor 78in
rease in leakage 
urrent results in in
reased noise and 
ontributes toa higher power 
onsumption.3. A de
rease in 
harge 
olle
tion e�
ien
y is noted, 
aused by 
harge
arrier trapping.4.2.2 Requirements of a Radiation Hard Dete
torThe tra
king of ionising parti
les requires high spatial resolution, short signalduration and good energy resolution. In addition to measuring a

uratelythe momenta of 
harged parti
les from the bending of their traje
tories ina magneti
 �eld, there must exist a 
apability of distinguishing se
ondaryfrom primary intera
tion verti
es. These requirements form the basis of thedesign features of all experiments at high luminosity 
olliders, su
h as theLHC.The Large Hadron Collider (LHC) at the European Laboratory for Par-ti
le Physi
s (CERN) is due for 
ompletion in 2007. The LHC will be usedto test the validity of the Standard Model of elementary parti
le intera
-tions and for the possible dis
overy of new physi
s. The LHC will provideproton-proton intera
tions at a 
entre of mass energy of 14 Tev and will beoperated at a nominal luminosity of 1034 
m�2s�1 for around 10 years, witha predi
ted �uen
e of fast hadrons, at the tra
king elements 
losest to thebeam, equivalent to 1015 
m�2 1 MeV neutrons. The proposed upgrade ofthe LHC, sLHC, would see the luminosity rise to 1035 
m�2s�1, in
reasingthe expe
ted total �uen
e of fast hadrons to above 1016 
m�2.Current sili
on dete
tors would be unable to operate at the required LHC�uen
e, due to ma
ros
opi
 e�e
ts. Therefore, through the RD50 [10℄ 
ollab-oration, 3 main areas are being investigated for the development of radiation
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tor 79hard dete
tors.� Material Engineering - In
ludes work on the defe
t engineering of sil-i
on (enri
hment with oxygen, oxygen dimers) and the possible use ofalternative materials (SiC, GaN)� Devi
e Engineering - Improvements on standard planar dete
tor designs(3D dete
tors, thinning of bulk material)� Variation of dete
tor operational 
onditions - Investigation into possibleimprovements in performan
e through operation at lower temperaturesor with forward biasIn this work, semi insulating GaN was irradiated with �uen
es of protons,neutron and X-rays. Diodes were measured for any deterioration in 
harge
olle
tion e�
ien
ies and for in
reases in leakage 
urrents4.3 Parameters for GaN as a Radiation-HardMaterialThe work in this 
hapter details the �rst examination of GaN as a radiationhard dete
tor. For this reason, details are in
luded of some standard pa-rameters asso
iated with parti
le dete
tion, the full derivation of whi
h havehave not yet been shown.4.3.1 Radiation LengthThe radiation length, �, is de�ned as being the length of absorber in whi
ha parti
le will lose all but 1/e of its energy to bremsstrahlung. An approxi-mation (to within 2.5%) formulated by Dahl [33℄ 
an be used to 
al
ulate �
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tor 80as � = 716:4� (A=Æ)Z(Z + 1) ln(287=pZ) (4.1)where Z and A are the nu
lear 
harge and atomi
 weight of the materialrespe
tively, and Æ is the density of the material. For a 
ompound semi
on-du
tor, the radiation length is approximated as1� =X wj�j (4.2)where wj and �j are the fra
tion by weight and radiation length for the j thelement. Using eqn (4.2)�Ga = 716:4� (69:7=5:9)31(31 + 1) ln(287=p31)
m = 2:16 
m (4.3)Similarly we �nd �N = 30:56 
m (4.4)The fra
tion by weight for Ga and N in GaN are 
al
ulated as followswGa = AGaAGa + AN = 69:769:7 + 14 = 69:783:7 = 0:833 (4.5)Similarly wN = 1469:7 + 14 = 1483:7 = 0:167 (4.6)Therefore, the radiation length for GaN 
an be 
al
ulated as1�GaN = wGa�Ga + wN�N = 0:8332:16 + 0:16730:56 = 0:386 
m�1 (4.7)giving �GaN = 2:56 
m (4.8)The equivalent numbers for various semi
ondu
ting materials are given inTable 4.2.
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tor 81Property Diamond 4H-SiC Si GaNEg (eV) 5.5 3.27 1.12 3.39�e (
m2V s�1) 1800 800 1500 1000�h (
m2V s�1) 1200 115 450 30e-h energy (eV) 13 8.4 3.6 8-10Displa
ement (eV) 43 25 13-20 10-20Density (g
m�3) 3.52 3.21 2.33 6.15Radiation Length �0 (
m) 12.2 8.7 9.4 2.56e-h pairs/�0 (106
m�1) 4.4 4.5 10.1 2-3Table 4.2: Properties of diamond, 4H-SiC, Si and GaN 
rystals4.3.2 Threshold EnergyBulk damage in a material is primarily 
aused by an in
oming parti
le dis-pla
ing a primary kno
k-on atom (PKA) from its latti
e site, 
reating aninterstitial and a va
an
y. This pair of defe
ts is known as a Frenkel pair.To 
al
ulate the energy required to 
reate a Frenkel pair, it is ne
essary toknow the displa
ement threshold energy, Td of the absorbing material. Thethreshold energy of gallium, TGad , is known to be 45eV [34℄ but is unknownfor nitrogen. Due to the 
lose proximity of Zn and Ga, and N and O in theperiodi
 table, an analogy between GaN and ZnO (where TZnd =50 eV andTOd =55 eV [35℄), then suggests that TNd 
an be approximated as � 30-50 eV.For elasti
 s
attering in whi
h a parti
le with mass mp and energy Ep
ollides with an atom with a mass matom, the maximum energy that 
an beimparted to a re
oil parti
le EMAXR 
an be 
al
ulated using the relationship[32℄ EMAXR = 4EP mp �matom(mp +matom)2 (4.9)We 
an then 
al
ulate the energy a neutron needs to 
reate a Frenkel pair in
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tor 82Ga asEP = EMAXR4 (mp +mGa)2mp �mGa = 43eV4 (940 + 65509)2940 � 65509 � 800 eV (4.10)Similarly, for TNd � 30-50 eV, we �ndEP � 120� 200 eV (4.11)The energy a neutron needs to 
reate a Frenkel pair from Ga-Ga in GaN isthenEGaP = EMAXR4 (mp +mGaN )2mp �mGaN = 43eV4 (940 + 55892)2940� 55892 � 660 eV (4.12)For the 
reation of a Frenkel Pair from N-N in GaN isEP � 460� 770 eV (4.13)4.3.3 NIEL HypothesisThe NIEL hypothesis [36℄ (Fig 4.1) allows 
omparison to be made betweendispla
ement damage 
aused by �uen
es of varying hadroni
 intera
tions(p; �; e; n). Using an hadroni
 �uen
e, �h, produ
ing damage equivalent toa �uen
e, �eq, of 1MeV neutrons, the hardness fa
tor � of a material 
an befound using � = �eq�h (4.14)For ea
h intera
tion leading to displa
ement damage a primary kno
k-onatom with re
oil energy ER is produ
ed. The proportion of re
oil energy givento displa
ement damage depends on the re
oil energy itself and is 
al
ulatedusing the Lindhard Partition Fun
tion, P (ER) [37℄. Using the Lindhard
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tor 83partition fun
tion, the NIEL is 
al
ulated as the displa
ement damage 
ross-se
tion, given byD(E) =X� ��(E) Z EMaxR0 f�(E;ER)P (ER)dER (4.15)� denotes every possible intera
tion of an in
oming parti
le with energy Eleading to a displa
ement within the latti
e. �� is the 
orresponding 
ross-se
tion for intera
tion � to o

ur. f�(E;ER) is the probability that an in-
oming parti
le of energy E will produ
e a PKA with re
oil energy ER in therea
tion �. The integration is over all possible re
oil energies ER.
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Figure 4.1: Displa
ement damage in Si for various hadrons [36℄Although the Lindhard Partition fun
tion is well known for Si [38℄ andhas been 
al
ulated re
ently for GaAs [39℄ and SiC [40℄, no 
al
ulation hasyet been made for GaN. For this reason, �uen
es of hadrons will be given inreal terms as opposed to 1 MeV neutron NIEL equivalen
es. Current work
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tor 84by S. Dittongo et al [41℄ has re
ently questioned the validity of the NIELhypothesis.4.3.4 e-h Pair YieldThe yield, Y , of a semi
ondu
ting material is the number of e-h pairs 
reatedby a MIP (minimum ionising parti
le) in a thi
kness x. Using the spe
i�
ionisation dE=dx and the ele
tron hole pair 
reation energy, Æ, we haveY = (dE=dx)� xÆ (4.16)dE=dx is 
al
ulated using the Bethe-Blo
h equation for relativisti
 ele
trons(as shown in eqn (3.33) of Chapter 3). For a 
ompound semi
ondu
tor XY ,
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Figure 4.2: Spe
i�
 energy loss (stopping power) for sili
on, gallium, nitrogenand gallium nitride [42℄ dEdx =Xwj � dEdx j (4.17)For GaN dEdx GaN = 0:833� dEdx Ga + 0:167� dEdx N (4.18)
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tor 85The stopping powers for Si, Ga, N and GaN are shown in Fig 4.2. From thisgraph we 
an see that for a 1 MeV ele
tron in GaNdEdx MIP = 1:12 MeV=
m (4.19)From the linear relationship shown in Fig 4.3 we have ÆGaN � 8:9 eV .Therefore, using eqn (4.16), our yield from a 1 MeV ele
tron in 1 �m GaN

Figure 4.3: Mean energy for 
al
ulation of an ele
tron-hole pair in variousmaterials [43℄
an be 
al
ulated asY = 581(eV=�m)� 1(�m)8:9(eV=eh pair) ) � 65 eh pairs (4.20)4.4 Charge Colle
tion E�
ien
y Measurements4.4.1 CCE using Am241 Sour
eUnlike sili
on. where the standard dete
tor wafer thi
kness is � 300 �m, thetypi
al thi
kness of GaN epilayers grown on sapphire is � 2�m. Using the
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tor 86value given from eqn (4.17), the number of e-h pairs 
reated by a MIP in 2�m of GaN 
an be 
al
ulated asn(eh=2�m) = Y=�m� 2=�m = 65 � 2 = 130 (4.21)This low number of e-h pairs indi
ates that using MIPS (for example froma Sr90 sour
e) is not suitable for 
al
ulating the 
harge 
olle
tion e�
ien
y(CCE) of GaN dete
tors. An � parti
le sour
e was found to be more suitable.Seen in Fig 4.4 is the Bragg 
urve for Am241 5.48 MeV � parti
les in GaN.Integrating under the 
urve we �nd that the energy deposited in 2 �m ofGaN � 533KeV, 
orresponding to 6�105 e-h pairs

Figure 4.4: Bragg Curve for GaN [29℄
n(eh) = 533000eV8:9eV = 59888 � 6� 105 (4.22)4.4.2 Experimental Set-upThe CCE measurement setup is shown in Fig 4.5.The sample to be measuredis housed with the Am241 sour
e in a 
hamber, whi
h is held under va
uum
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tor 87(�20 mbar). The sample is 
onne
ted to an Orte
 141 
harge sensitive pre-
Voltage 
Supply Pre-Amp Amplifier

Oscilloscope

ADC Computer

     Sample

(in Vacuum)Figure 4.5: Experimental setup for CCE measurements

Figure 4.6: Calibration of energy v's 
hannel number s
ale using variousspe
tros
opi
 sour
esampli�er whi
h is 
onne
ted to an Orte
 ampli�er, with shaping time of 1�s. The sample 
an be biased using a voltage supply to a maximum of 2kV. The ampli�er is 
onne
ted to a multi
hannel pulse height analyser. Anos
illos
ope is used to display �-indu
ed signals in the dete
tor.
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tor 884.4.3 CalibrationSpe
tra of the spe
tros
opi
 sour
es Am241, Pu239 and Cm244 were takenusing a sili
on surfa
e barrier diode. As the energies of the parti
les wereknown, a linear relationship was made between the energy and the 
hannelnumber in the data a
quisition software (Fig 4.6). To 
al
ulate the 
orre
tCCE for the GaN samples from the 
alibration, a 
orre
tion for the di�erentvalues of ele
tron-hole pair 
reation energies, Æ, has to be madeCCE(%) = (EM)� ( ÆGaNÆSi )ED = EM � 8:93:6ED (4.23)where EM and ED are the measured and deposited energy, respe
tively. An

Figure 4.7: �-indu
ed peaks in GaN for varying biasexample of the �-indu
ed peaks 
an be seen in Fig 4,74.5 ResultsThe material used for testing was semi-insulating GaN, grown by TokushimaUniversity using Metal Organi
 Chemi
al Vapour Deposition (MOCVD) te
h-niques onto an Al203 (0001) substrate. The material was 2 �m thi
k, grown
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tor 89on a bu�er layer of 2 �m n+ GaN (Fig 4.8). The properties of the layerswere 
hanged by variation of the substrate temperature and the Tri-Methyl-Gallium (TMGa) �ow rate during growth [44℄.

Figure 4.8: MOCVD grown semi-insulating GaNAu Shottky pad 
onta
ts were realised by the manufa
turers. I-V 
har-a
teristi
s were taken using a Keithley ele
trometer, and CCE values weremeasured for a range of applied voltages.4.5.1 Pre-IrradiationThe I-V for the as-grown GaN showed a leakage 
urrent of � 2 pA up to15V (Fig 4.9). From this measurement the resistivity was determined to be� 1� 108 

m. A maximum CCE of 97% was seen to o

ur at 15 V. TheCCE in
reased linearly with the applied bias (Fig 4.10).4.5.2 Neutron IrradiationIrradiation Fa
ilitiesNeutron irradiations were performed at the TRIGA rea
tor at the Jozef-Stefan Institute in Ljubljana, Slovenia. The samples were irradiated in the
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Figure 4.9: Current-Voltage 
hara
teristi
 for unirradiated GaN

Figure 4.10: CCE for unirradiated GaNouter tube of the rea
tor 
ore. The sour
e was tunable by rea
tor power from2�109 n
m�2s�1 to 2�1010 n
m�2s�1 (Fig 4.11). In pulsed mode operation�uen
es of 1014 n
m�2 were obtained in 20ms, yielding an e�e
tive �uen
eof 1015 n
m�2s�1.
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Figure 4.11: Neutron �uen
e of TRIGA rea
tor [45℄ResultsDiodes were irradiated with �uen
es of 5�1014, 1�1015 and 1�1016 n
m�2.Fig 4.12 shows the leakage 
urrents measured for the diodes post-irradiation.Fig 4.13 shows a non-linearity of leakage 
urrent variation with �uen
e. This

0Figure 4.12: Current-Voltage 
hara
teristi
s for di�erent �uen
es of neutronirradiated GaN
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tor 92di�ers from previous observations in Si [38℄, for whi
hI = ��eqV (4.24)where � is the 
urrent related damage rate. However, su
h non-linear e�e
tshave been seen before in another wide bandgap material, SiC [46℄. The CCEvalues for 1014 - 1016 n
m�2 irradiated GaN 
an be seen in Fig 4.14, with theleakage 
urrent and CCE 
hanges after irradiation shown in Table 4.3. The

Figure 4.13: Leakage 
urrent against �uen
e

Figure 4.14: CCE for all n irradiated GaNneutron irradiated samples showed a de
rease in CCE with �uen
e, while
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tor 93the leakage 
urrent showed a non-linear in
rease with �uen
e. One possibleexplanation for this is the introdu
tion of deep level a

eptor states in thematerial. These a

eptor states will 
apture free ele
trons generated in thematerial, redu
ing leakage 
urrent levels, but also redu
ing measured CCElevels. Eviden
e of deep level trapping/de-trapping was seen in the in
reasein low-level noise in the CCE measurement set-up for 1015 n
m�2 and 1016n
m�2 samples. A more detailed investigation of radiation indu
ed trappingis dis
ussed in Chapter 5.I(pA)(15 V) � IUN(pA) CCE(%)(15 V) CCE Drop(%) CCEMAX(%)Unirradiated 1.6 1 72.12 0 96.78 (30 V)1014 n
m�2 18.3 11.44 62.28 9.84 78.7 (30 V)1015 n
m�2 50 31.25 6 66.12 7.4 (22 V)1016 n
m�2 10.55 6.59 4.45 67.67 4.45 (15 V)Table 4.3: E�e
t of neutron irradiation on the leakage 
urrent and CCE ofGaN diodes4.5.3 Proton IrradiationIrradiation Fa
ilitiesProton irradiation was performed at CERN, Geneva. The irradiation zoneused was IRRAD-1, where samples 
an be exposed to a 24 GeV/
 protonbeam. Fluen
es of up to 3�1013 p
m�2s�1 are a
hievable. Irradiations wereperformed by M. Glaser and M. Moll.ResultsA GaN diode was irradiated to a �uen
e of 1�1016 p
m�2. As for the neutronirradiations, measurements were made of the I-V 
hara
teristi
 and of theCCE for varying bias voltages (Figs 4.15 & 4.16). The low levels of leakage
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urrent measured (20 pA at 15 V) were similar to the 
urrents measured inthe 1016 n
m�2 irradiated sample, however CCE levels were higher for the1�1016p
m�2 than for the 1�1016 n
m�2 irradiated diode.

Figure 4.15: Current-Voltage 
hara
teristi
 for proton irradiated GaN

Figure 4.16: CCE for proton irradiated GaN
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tor 954.5.4 X-ray IrradiationIrradiation Fa
ilitiesThe X-ray irradiation was performed at the Imperial College Rea
tor Centre[47℄.ResultsA GaN diode was irradiated with 600 MRad of 10 keV X-rays. Shown hereare the I-V 
hara
teristi
 (Fig 4.17) and CCE (Fig 4.18) post irradiation.

Figure 4.17: Current-Voltage 
hara
teristi
 for X-ray irradiated GaNA notable in
rease in leakage 
urrent was seen (300 pA at 15 V), althoughno degradation was observed in CCE level. This 
ombination of e�e
ts maybe attributed to surfa
e damage, whi
h would 
ontribute signi�
antly to theleakage 
urrent but have no e�e
t on the spa
e 
harge region, and hen
e CCEvalues.
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Figure 4.18: CCE for X-ray irradiated GaN4.5.5 ComparisonsIn 
ontrast to GaN, the most re
ent data taken for irradiated DOFZ Si n-in-nmi
rostrip dete
tors [48℄ (Table 4.4) show CCE values of 100% for a NIELequivalen
e of 3.52�1014 n
m�2 after in
reasing the operating voltage from70 to 500V. At the highest �uen
e measured, 4.40�1015 n
m�2, the CCEshowed a de
rease to 30% CCE at 850 V, higher than the CCE measured forGaN. This suggests that it is possible to extra
t a higher CCE from DOFZSi than from GaN.However, this requires a substantial in
rease in operating voltage, anda possible de
rease in operating temperature. Su
h 
hanges substantiallyin
rease the power ne
essary for the 
ontinuous operation of a dete
tor. Thevalues of CCE for the GaN samples tested here required no redu
tion intemperature and no signi�
ant in
rease in operating voltage.
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tor 97Material Fluen
e (p) Fluen
e (n) CCEMAX % V � CCEMAXGaN Unirrad Unirrad 97 30GaN 1014 - 79 30GaN 1015 - 7.4 22GaN 1016 4.45 15GaN - 1016 13.5 30Si n in p Unirrad Unirrad 100 70Si n in n 6x1014 3.52x1014 100 500Si p in n 7x1014 4.11x1014 100 500Si n in n 6x1014 3.52x1014 100 500Si n in n 1.10x1015 6.46x1014 75 800Si n in n 3x1015 1.7x1015 60 820Si n in n 7.51015 4.40x1015 30 850Table 4.4: E�e
t of neutron irradiation on the leakage 
urrent and CCE forGaN and sili
on dete
tors [48℄4.6 Summary and Future WorkThe GaN samples tested in this work have been shown to possess good ele
-tri
al properties, ensuring its e�e
tiveness as a dete
tion material. The lowleakage 
urrents measured allow dete
tors to run at low noise levels at highbiases. A drop of 18% in CCE is measured after the material is irradiatedwith a �uen
e of 1014 n
m�2. Although this drop is signi�
ant, the dioderequires no in
rease in operating voltage. The diodes were also tested pre-and post-irradiation at room temperature. Stabilising both the operatingbias and temperature is bene�
ial when 
onsidering the power ne
essary for
ontinuous operation of a dete
tor.However, the disadvantages of the tested material are twofold :-1. The material shows a rapid de
rease in CCE values for very highhadroni
 �uen
es
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tor 982. The material is only 2 �m thi
kThe yield of material is also an issue for GaN (and most other alternativematerials to Si) as a viable dete
ting material for large experiments. GaNgrown on sapphire 
annot utilise many diode 
on�gurations, as 
onta
ts 
an-not be realised to the ba
k of the substrate. An in
rease in thi
kness of GaNfrom 2 �m would also be ne
essary for its use as a tra
king dete
tor.However, further work is ne
essary before 
on
lusions 
an be made forGaN as a rad-hard material. Currently, investigations are about to beginusing thi
ker GaN. Together with up to 25 �m thi
k GaN, now 
ommer
iallyavailable, one manufa
turer [49℄ has now produ
ed bulk (>250 �m) GaN, andmade it available for initial 
hara
terisation. If su
h thi
knesses of material
an be seen to be as a radiation-hard as 2 �m GaN, then there is a possibilitythat GaN 
ould be used for 
ertain spe
ialised areas, su
h as syn
hrotronradiation monitoring, 
urrently an area explored using another wide bandgapmaterial, CVD diamond [50℄.



Chapter 5Defe
t Chara
terisation
5.1 Introdu
tionWhen 
hara
terising the ele
tri
al properties of semi
ondu
ting radiation de-te
tors, it is ne
essary to take into a

ount the defe
ts they may possess andtheir possible impa
t on operating performan
e. For (Al)GaN, the defe
tdensity is thought to be as high as 1015 
m�3 [11℄. As well as being 
ausedby impurities, the vast majority of these defe
ts are thought to be stru
turaldefe
ts, introdu
ed at the growth stage. This 
hapter will des
ribe the in-vestigations of various types of GaN for eviden
e of traps and dis
uss theirpossible detrimental 
onsequen
es. These in
lude GaN pre - and post - ir-radiation with neutrons, protons and X-rays (as des
ribed in the previous
hapter), as-grown Em
ore [51℄ GaN & AlGaN; Mg doped GaN (before andafter p-type a
tivation of the Mg) and GaN grown with a variety of MOCVDgrowth parameters. Evaluation of defe
ts was 
arried out through studies ofphotolumines
en
e (PL), mi
rowave absorption (MWA), photo
ondu
tivity(PC) and thermally stimulated 
urrents (TSC).

99



Defe
t Chara
terisation 1005.2 Defe
ts5.2.1 E�e
ts of Defe
tsDefe
ts 
an alter the operation of a semi
ondu
ting dete
tor in three mainways.� Defe
ts with low a
tivation energies 
an a
t as donors or a

eptors,modifying the doping 
on
entration of a semi
ondu
tor operated atroom temperature� They 
an redu
e the S/N of the dete
tors. This o

urs if a �lled trapreleases an ele
tron or hole while e-h pairs are being 
olle
ted aftergeneration from deposited energy, in
reasing the noise of the signal.Alternatively, generated 
harge 
an be trapped, preventing it from be-ing swept to the ele
trode and degrading the signal.� Modi�
ation of the ele
tri
 �eld distribution within the SCR 
an alsoo

ur if the defe
t is 
hargedDefe
ts 
an be 
lassi�ed into two types: radiative and non-radiative. Forradiative 
entres, a photon will be emitted on de-ex
itation. This does noto

ur for non-radiative 
entres, where the energy di�eren
e is dissipated bysome other means, most 
ommonly as latti
e vibrations (phonons).Defe
ts are 
ommonly introdu
ed at the growth stage, and are thereforeintrinsi
 to the material. Further defe
ts, however, 
an be introdu
ed viaageing e�e
ts throughout the operational lifetime of the dete
tor. The re-sults from 
hapter 4 suggested that the degradation in CCE and variationsin leakage 
urrent after irradiation were due to radiation indu
ed defe
ts.
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t Chara
terisation 101However, it is also important to detail the as-grown defe
ts asso
iated withGaN. (The average density of defe
ts in GaN has been reported to be in theorder of 1015 
m�3 [11℄). The following se
tion outlines the most prominentdefe
ts in GaN and details their origin.5.2.2 Defe
ts in GaNNonintentionally doped GaN is usually n-type, and 
an have ele
tron 
on
en-trations n � 1018 
m�3. The dominant donor is believed to be the nitrogenva
an
y, VN . The binding energy of this donor is subje
t to 
ontroversy, withreported values ranging from 17-42 meV [52, 53, 54℄ A further VN deep leveldonor state is believed to exist at � 0.12 eV. Si, Mg and C 
an all also a
tas donor states. A wide range of a

eptor states in GaN is detailed in Fig5.1. As well as the donor and a

eptor states detailed above, there are more
Si  VN  VGa  C  Mg  Zn  Hg  Cd  Be  Li  Ga

Si  VN  VGa  C  Mg  Zn  Hg  Cd  Be  Li  Ga
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0.21- 
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Figure 5.1: Donor and a

eptor levels in GaN, where VGa and VN denoteGa and N va
an
ies, and where Ga indi
ates a Ga atom in a N atom site(substitutionals) [55℄than 30 re
ognised defe
t levels in GaN [11℄. The next se
tion will dis
ussbrie�y the 
auses of su
h defe
ts in GaN.
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t Chara
terisation 102Point Defe
tsPoint defe
ts des
ribe defe
ts 
aused by the absen
e of an atom from itslatti
e position, by the swit
hing of atom type in a 
rystal (eg a Ga atom ata latti
e point where a N atom should reside) or by the appearan
e of an atombetween allowed positions in a 
rystal stru
ture (Fig 5.2). These are known asva
an
ies, substitutionals and interstitials respe
tively. Point defe
ts 
an alsoo

ur from the introdu
tion of an impurity atom at a latti
e point, or throughthe 
reation of Frenkel pairs by in
ident ionising radiation (detailed in 
hapter4). As-grown point defe
ts in GaN are believed to be most 
ommonly Ga
Figure 5.2: Examples of a perfe
t latti
e (left) and types of point defe
ts(right) in a 
rystalva
an
ies. Su
h defe
ts 
an be identi�ed from photolumines
en
e spe
tra, asa band peaking at around 2.2 eV.Dislo
ation defe
tsOf the two main types of dislo
ations that 
an o

ur within a 
rystal stru
-ture, edge dislo
ations and s
rew dislo
ations (Fig 5.3), the latter is most
ommon in GaN. It is 
aused during the growth pro
ess when the hexagonal
olumns of GaN twist as they grow laterally from the substrate, 
ausing 600basal plane dislo
ations. There is a latti
e mismat
h (�13.5%) between the
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Figure 5.3: Examples of an edge dislo
ation (left) and a s
rew dislo
ation(right) in a 
rystalsapphire substrate and GaN and there is also a thermal mismat
h. The ther-mal expansion 
oe�
ients for sapphire and GaN are �aa = 7:5 � 10�6 K�1and �aa = 5:59� 10�6 K�1. respe
tively. For GaN, su
h dislo
ation defe
tsare seen as peaks at �2.85 eV in PL spe
tra.Several methods 
an be used to identify defe
ts in materials. Photo-lumines
en
e, Mi
rowave absorption (MWA), Photo
ondu
tivity (PC) andThermally stimulated 
urrent (TSC) methods were used in the present work.Details of ea
h method and their results will now be des
ribed.5.3 Photolumines
en
e5.3.1 TheoryPhotolumines
en
e spe
tros
opy is a 
onta
tless, nondestru
tive method ofprobing the ele
troni
 stru
ture of materials. A mono
hromati
 light sour
ewith known photon energy illuminates the surfa
e of a material, where someof the light is absorbed by ex
iting ele
trons into a permitted higher energystate. When the ele
tron returns to its equilibrium state, light is released.The energy of the emitted light gives an indi
ation of the energy di�eren
ebetween the equilibrium and ex
ited states of the ele
tron. In a semi
ondu
-
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terisation 104tor, therefore, this energy di�eren
e may relate to the bandgap, or to a defe
tof known energy. The intensity of emitted light - or photolumines
en
e - 
analso give an indi
ation of the intensity of transitions o

urring.There are four main appli
ations [56℄ for whi
h photolumines
en
e 
anbe used:� Bandgap determination. The most 
ommon radiative transition insemi
ondu
tors is a
ross the bandgap.� Impurity levels and defe
t dete
tion. Radiative transitions in semi
on-du
tors involve lo
alised defe
t levels. The photolumines
en
e energyasso
iated with these levels 
an be used to identify spe
i�
 defe
ts,and the intensity of photolumines
en
e 
an be used to determine their
on
entration.� Re
ombination me
hanisms. Re
ombination 
an involve both radiativeand nonradiative pro
esses. The amount of photolumines
en
e andits dependen
e on the level of photo-ex
itation and temperature aredire
tly related to the dominant re
ombination pro
ess. Analysis ofphotolumines
en
e helps to understand the underlying physi
s of there
ombination me
hanism.� Material quality. In general, nonradiative pro
esses are asso
iated withlo
alised defe
t levels, whose presen
e is detrimental to material qualityand subsequent devi
e performan
e. Thus, material quality 
an be
hara
terised by quantifying the amount of radiative re
ombination.
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Figure 5.4: S
hemati
 diagram of the photolumines
en
e measurement setup5.3.2 Experimental SetupThe experimental setup for the PL measurements is detailed in Fig 5.4. Roomtemperature photolumines
en
e measurements were 
arried out using a 
on-tinuous wave (
w) He-Cd laser operating at 325 nm (1). The laser passedthrough a pinhole (3), a �lter (4) and series of lenses (7 & 11). The intensityof the laser was measured using a beamsplitter (5) and photodiode gauge(6). A parti
ular wavelength from the photolumines
en
e emanating fromthe sample (8) was sele
ted using a me
hani
al shutter (12), a polariser (13)and mono
hromator (14). The intensity of the spe
i�ed wavelength was thenmeasured using a photo-multiplier tube (15) and single photon 
ounter (17),whi
h passed the signal to the 
omputer (19) via a 
ontrol unit (18).5.3.3 ResultsPre Irradiated GaNFig 5.5 shows the PL spe
trum taken from as-grown GaN before irradiation.The spe
trum shows a good agreement with previous measurements of GaN[57, 58℄, with the observed spe
tra showing four bands. An ultraviolet band
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t Chara
terisation 106(UVB) peak at 3.4 eV is attributed to band-to-band re
ombination. Thisultraviolet band is a

ompanied by a violet band (VB) peak at 3.36eV, ayellow band (YB) peak at 2.18 eV and a blue band (BB) peak at 2.85 eV.The blue band peak has been interpreted as eviden
e of a high density ofdislo
ations [59℄. The yellow band is attributed to point defe
ts, eg Gava
an
ies [59, 60℄, whereas the violet peak is thought to be 
aused by donor-a

eptor re
ombination [57℄.

Figure 5.5: Photolumines
en
e spe
tra for GaN pre-irradiationPost Irradiated GaNPL spe
tra were measured after irradiation of GaN with X-rays, neutronsand protons as detailed in 
hapter 4. It was found that the intensities of all4 peaks dropped by a signi�
ant amount (Fig 5.6 & Table 5.1). This 
an beattributed to an in
rease in non-radiative re
ombination through radiation
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Figure 5.6: Photolumines
en
e spe
tra from GaN post-irradiation with X-rays, neutrons and protonsMaterial/Sample Band to Band Violet Band Blue Band Yellow BandNon-irradiated - - - -X-rays 2.1 2.2 1.9 2.6n irrad 3.5 4.2 4.3 11.2p irrad 35 33 5 11Table 5.1: Fa
tor of de
rease in intensity of PL bands for GaN post irradia-tionintrodu
ed defe
ts. This in
rease in radiation indu
ed defe
ts is a possi-ble explanation for the degradation in CCE levels for the irradiated diodesshown in 
hapter 4. Furthermore, the intensity of the YB peak falls moredramati
ally than the UVB, VB and BB peaks. This suggests that pointdefe
ts may undergo a modi�
ation under irradiation, transforming manyinto non-radiative re
ombination 
entres. However, those defe
ts 
aused bydislo
ations, indi
ated by the intensity of BB peak, seem to undergo no su
htransformation.
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ore Material

Figure 5.7: Photolumines
en
e spe
tra for Em
ore AlGaN and GaN materialTwo wafers grown by MOCVD by Em
ore [51℄ were tested. Both waferswere unintentionally doped. The resistivity of the wafers and the Al molarfra
tion of the AlGaN wafer were not supplied by the manufa
turers. APL spe
trum was measured for a sample of Em
ore AlGaN (Fig 5.7). Thespe
trum shows a very large YB peak, indi
ating a very high density of pointdefe
ts, possibly introdu
ed at the growth stage of the Al 
apping layer. Ithas been shown previously that the intensity of the YB peaks depends onthe Al molar fra
tion [61℄. As the molar fra
tion of Al in the AlGaN was notsupplied by the manufa
turers, the Al 
ontent was 
al
ulated using the PLspe
trum as follows. The bandgap of AlGaN is found usingEg(x) = EgGaN(1� x) + EgAlN(x)� bx(1� x) (5.1)where EgGaN = 3.2 eV, EgAlN = 6.2 eV, x = molar fra
tion of Al and b isthe bowing parameter (�0.8 [4℄). The band-to-band re
ombination peak for
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terisation 109the AlGaN sample is situated at 3.6 eV. Therefore3:6 = 3:2(1� x) + 6:2(x)� x(1� x) (5.2)Solving for x, we �nd x � 0:1 (5.3)Therefore, the Al molar fra
tion of the material is 10%. The PL spe
trumfor an Em
ore GaN sample is also shown in Fig 5.7. The intensities for allpeaks at the same light intensity (9 mW) are higher for GaN than for theAlGaN. This suggests that the AlGaN has a greater number of non-radiative
entres, and 
onsequently, is of poorer material quality.Tokushima Material

Figure 5.8: Photolumines
en
e spe
tra for GaN grown with varied TMG �owrate (2 and 4 TMG indi
ates double and 4 times the standard TMG �owrate,respe
tively)Tri-methyl gallium (TMG) and ammonia are 
ommonly used as pre
ur-sors for Ga and N in GaN when grown using the MOCVD method. To
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t of altering the �ow rates of the pre-
ursors, GaN waferswith varying TMG �ow rates were supplied by Tokushima University. Thee�e
t of doubling the TMG �ow rate 
an be seen from the PL spe
tra in Fig5.8. It 
an be seen that although the intensities of the UV peaks are simi-lar, there is an in
rease in intensity of the YB and BB peaks with in
reasedTMG �ow rate, suggesting that the in
reased TMG �ow rate has introdu
eda greater density of defe
ts into the material.Mg Doped GaN

Figure 5.9: Photolumines
en
e spe
tra for as-grown and annealed (a
tivated)Mg doped GaN2 GaN wafers were grown by Compound Semi
ondu
tor Te
hnologies [62℄.The wafers were doped with 3.2�1019 and 6.2�1019 atoms 
m�2 of Mg, whi
ha
ts as an a

eptor in GaN, and is used for the produ
tion of p-type material.The material was annealed at 11000C for 5 minutes to a
tivate the Mg. PL
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tra for both samples were taken before and after a
tivation of the dopant(Fig 5.9). Before annealing, small peaks o

ur at 3.264 eV in the samples,indi
ating that they are already partially a
tivated. The in
rease in thesepeaks 
an be seen for both samples after a
tivation.5.4 Mi
rowave Absorption & Photo
ondu
tiv-ity5.4.1 TheoryMi
rowave absorption (MWA) [63, 64, 65℄ is an e�e
tive, non-invasive tool forthe monitoring of ex
ess 
arrier behaviour due to re
ombination and trappingpro
esses in semi
ondu
tors. In a semi
ondu
tor, bound ele
trons will notabsorb mi
rowaves. For mi
rowaves to be absorbed, a material is neededthat 
ontains free ele
trons - ele
trons 
ontained in the 
ondu
tion band andable to 
arry 
urrent if a voltage is applied a
ross it. This 
ondition 
anarise if semi
ondu
tors are exposed to light, whi
h 
reates e-h pairs. Fromthe intensity and period over whi
h the mi
rowaves are re-emitted on de-ex
itation, we 
an gain an indi
ation of the relaxation time of the ex
ess
arriers and, 
onsequently, the existen
e of defe
ts.For photo
ondu
tivity (PC) measurements, the in
rease in 
ondu
tivityof the semi
ondu
tor due to photogenerated 
urrent is re
orded through thedrop in voltage a
ross a resistor. Similarly as for MWA, the time dependen
ein the fall of 
ondu
tivity (and hen
e voltage drop) gives an indi
ation as tothe relaxation time of the generated 
arriers.
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Figure 5.10: S
hemati
 set-up for MWA and PC measurements5.4.2 Experimental SetupIn the set-up in Fig 5.10, a pumped Nd-Yag laser was used with se
ond andthird harmoni
 generators to produ
e 3 ex
itation wavelengths: UV (266nm), Green (532 nm) and IR (1064 nm). Using various �lters the sour
e
ould produ
e any one, two, or all three signals simultaneously. For MWA,the sour
e has a pulse duration of 10-100 ns, to satisfy the approximation ofa Æ-pulse (a 30 ps light pulse was used for PC measurements), and is fo
used(�2 mm) onto the surfa
e of the sample. Mi
rowaves with a frequen
y of10-21 GHz and power of 100-200 mW are generated by a Gunn diode sour
eand used to probe the ex
ited area of the sample. A MW dete
tor is then
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tion or absorption mode. Transients of there�e
ted or transmitted mi
rowaves are re
orded by a digital os
illos
ope.The same setup was used for PC measurements, using wire 
onne
tions tothe metal 
onta
ts on the GaN.The relaxation 
urve of the PC de
ay and MW absorption/re�e
tion hastwo 
hara
teristi
 parts: a transient, non-exponential part and an asymptoti
exponential part. The e�e
tive lifetime for the asymptoti
 part (�asym) isgiven by the time it takes for the amplitude to de
rease to 0.1 of its peakvalue, and is determined by a �tted exponential fun
tion.5.4.3 ResultsIrradiated GaN

Figure 5.11: MWA & CPC (
onta
t PC) measurements of the transient non-exponential se
tion of de-ex
itation for pre-and post-irradiated GaNFig 5.11 shows the non-exponential se
tion of the de
ays from MWAand PC measurements of the pre-and post-irradiated GaN in the ns time
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terisation 114Material/Sample �in (ns)Non-irradiated 100-500X-rays 80n irrad 20proton irrad 10Table 5.2: Summary of the transient de
ay lifetimes in the pre-and post-irradiated GaN samplesregion. Table 5.2 shows a rapid de
rease in �in after irradiation with neutrons,protons and X-rays, indi
ating an in
rease in non-radiative re
ombination.This result agrees with those given previously, where the fall in intensity forall PL spe
tra measured in the post irradiated GaN was attributed to anin
rease in non-radiative re
ombination.

Figure 5.12: PC measurements of the asymptoti
 se
tion of de-ex
itation forpre- and post-irradiated GaNFig 5.12 shows the asymptoti
 se
tion of the de
ay from MWA measure-ments in the unirradiated, X-ray and neutron irradiated samples. Theseshow an in
rease in values for �as relative to pre-irradiation values. One
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terisation 115possible explanation for this is that the generated ex
ess 
arriers are under-going multi-trapping pro
esses, due to radiation indu
ed trapping 
entres,and subsequently in
reasing the values for �as.Em
ore material
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t ( s)Figure 5.13: MWA measurements for Em
ore AlGaN material, performed atvarying temperaturesThe MWA measurements for the Em
ore supplied AlGaN are shown inFig 5.13. The operating temperature for the measurements varied from 283K to 338 K. The a
tivation energy of the traps was found by plotting theapproximate values for the instantaneous and asymptoti
 lifetimes againstthe inverse of kT (Fig 5.14). Traps estimated to have a
tivation energiesof 0.675 eV and 0.201 eV were measured. Both are in 
lose agreement withpreviously published a
tivation energies in (Al)GaN [66, 67℄.
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Figure 5.14: The a
tivation energies of traps in AlGaN derived from thetemperature variation of MWA measurements5.5 Thermally Stimulated Currents (TSC)5.5.1 TheoryThermally stimulated 
urrent (TSC) measurements provide another way ofinvestigating deep level traps in semi
ondu
tors in whi
h samples are �rstredu
ed to a low temperature, then slowly heated. Any �lled traps within thematerial will empty at a temperature T when the energy 
orresponding tothe trap is 
lose to kT . The a
tivation energy, Ed of a trap 
an be 
al
ulatedusing the equation [58℄ Ed = Tmk � ln(T 4m=�) (5.4)where � is the heating rate (K/s) and Tm is the temperature (in K) at whi
hthe 
urrent peak o

urs.
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Figure 5.15: S
hemati
 diagram of the TSC measurement setupThe experimental setup for TSC measurements is detailed in Fig 5.15.The wire bonded samples were held within a liquid nitrogen 
ryostat (3).This allowed measurements to be made in the temperature range 100-300 K.The temperature of the sample was determined from the output voltage ofa previously 
alibrated thermo
ouple (6) atta
hed to a voltmeter (4), andthe heating was 
ontrolled by a programmable power supply (7). The TSC
urrent was measured using an ele
trometer (5), and the samples 
ould beilluminated through a removable 
over on the front of the 
hamber (2), usinga halogen lamp sour
e (1). The output was then passed to a PC (9).
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ore GaNThe thermally stimulated 
urrent for the GaN sample was measured at abias voltage of 5 V. The voltage range for measurements was limited by theleakage 
urrent. Fig 5.16 and Table 5.3 show a number of traps with theirasso
iated 
al
ulated a
tivation energies.

Figure 5.16: TSC measurements for Em
ore GaNTemperature (K) Ed(eV) (Measured) Ed(eV) (Referen
ed)145 0.27 0.25 [68℄175 0.34 0.35 [69, 68℄235 0.48 0.45 [68℄248 0.52 0.53 [69℄291 0.62 0.62 [69℄310 0.67Table 5.3: A
tivation energy of defe
ts in GaN identi�ed through TSC mea-surementsThe defe
t levels measured are similar to those reported in previous work
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terisation 119[69, 68℄. The di�eren
es between the reported and measured a
tivation en-ergies 
an be attributed to the low heating rate. The defe
t at 0.67 eV wasalso identi�ed in the AlGaN sample, suggesting that this trap is not 
ausedby the growth of the Al 
apping layer, but is in fa
t, a homogeneous nativedefe
t.Tokushima GaNA GaN sample grown by Tokushima University was measured for thermallystimulated 
urrent at negative bias voltages of 5V, 10V and 15V. The TSCmeasurements in Fig 5.17 show a defe
t with an a
tivation energy of 0.57eV, whi
h is present for all biases, and has been reported previously [66℄However, a defe
t with an a
tivation energy of �0.2 eV 
an only be be seenwith an in
reased applied bias. Su
h an e�e
t has not been reported on GaNelsewhere.

Figure 5.17: TSC measurements for Tokushima grown GaN
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terisation 1205.6 Summary and Future WorkVarious te
hniques have been used to 
hara
terise defe
ts in a wide range ofGaN materials. Samples irradiated with X-rays, protons and neutrons havebeen investigated using photolumines
en
e, MWA and PC measurements.Results indi
ate an in
rease in non-radiative re
ombination 
entres. Thiswas shown through a de
rease in all PL peaks, and through the de
reasein the instantaneous 
arrier lifetimes from MWA and PC measurements.An in
rease in asymptoti
 lifetimes suggests that ex
ess 
arriers undergo amulti-trapping pro
ess after irradiation. PL measurements also indi
ate arapid de
rease in intensity for the YB peak, indi
ating a transformation ofpoint defe
ts into non-radiative 
entres. Dislo
ation defe
ts appear to beun
hanged with irradiation.Photolumines
en
e spe
tra were also used to identify the molar fra
tionof Al present in an Em
ore AlGaN wafer, whi
h was found to be �10%. PLwas also used to show that in
reasing TMG �ow rates in MOCVD growth
an signi�
antly in
rease both point and dislo
ation defe
ts. The a
tivationof Mg doped GaN was also veri�ed using PL spe
tra.A 
ommon defe
t with a
tivation energy of �0.67 eV is found for twotypes of Em
ore GaN material using both TSC and MWA measurements.The variety of trap levels found throughout the materials is 
onsistent withprevious results, suggesting numerous and material dependent defe
t levelsin thin GaN �lms. Su
h inhomogeneities in material will also be dis
ussedin the following 
hapter, where leakage 
urrents for S
hottky 
onta
ts areshown to vary signi�
antly between similarly grown wafers, and su�er fromPPC (persistent photo
ondu
tivity) e�e
ts.



Chapter 6UV GaN dete
tors
6.1 Introdu
tionDue to the the re
ent advan
es in growth te
hnologies [70℄, GaN has re
entlybe
ome the fo
us of intense interest [11℄. Its dire
t wide energy bandgap(3.4 eV) makes it a highly promising material for photon dete
tion in the UVrange. The addition of Al 
an lower the 
uto� wavelength from 365 to 200nm. Consequently, no short pass �lter is ne
essary for sele
tive UV dete
tion.Potential uses for GaN UV dete
tors [71℄ range from spa
e - based, militaryand environmental appli
ations to proteomi
s - the study of proteins. Onesu
h example of protein stru
ture studies is that of Cir
ular Di
hrosim (CD)[72℄.This work details the development of fabri
ation pro
esses for UV MSM(metal-semi
ondu
tor-metal) dete
tors using (Al)GaN. The e�e
ts of varyingparameters su
h as the material 
omposition, diode geometry, surfa
e passi-vation and S
hottky metals are also presented, with the optimised parameterssubsequently implemented in the design for a 46-
hannel diode array to beoperated for use in CD measurements using syn
hrotron radiation; the �rsttime that su
h MSM dete
tors have been used for position sensitive dete
tion.121
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torsIn re
ent years, several di�erent styles of photodiodes have been fabri
ated onIII-nitrides [73℄: photo
ondu
tors, S
hottky photodiodes, metal-semi
ondu
tor-metal photodiodes, p-n/p-i-n photodiodes and phototransistors (Fig 6.1).Photo
ondu
tors su�er from high levels of persistent photo
ondu
tive e�e
ts(PPC) and poor UV/visible ratios [74℄. S
hottky diodes 
onsist of an ohmi

onta
t and a S
hottky 
onta
t, whi
h is transparent to UV, and 
an simulta-neously a
t as a barrier to ele
tromagneti
 radiation with larger wavelengths.Their time response is RC-limited, and they have proven to be good devi
esfor 
ertain appli
ations [75℄. P-n/p-i-n photodiodes have been fabri
ated re-
ently, although di�
ulties in doping (Al)GaN to make p-type material stillremain a problem [76℄.

Figure 6.1: Examples of di�erent types of (Al)GaN photodete
tors [11℄Metal-Semi
ondu
tor-Metal (MSM) photodiodes 
onsist of two S
hottky
onta
ts, where the a
tive layer is the area between the 
onta
ts. The re-sponses of these devi
es have been shown to be linear with opti
al powerand have very high UV/visible ratios [77℄. Fabri
ation of MSM diodes is
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tors 123also less 
omplex, with the ability to realise both 
onta
ts at the same time,unlike the standard Ohmi
-S
hottky 
onta
t 
on�guration, whi
h requiresan ohmi
 
onta
t with a di�erent 
onta
t 
omposition to be annealed (ataround 900oC for GaN). MSM UV dete
tors have been fabri
ated in thiswork. The following se
tions will now des
ribe the design and fabri
ationpro
ess development for su
h dete
tors.6.2.1 Diode DesignsTwo diode geometries were used in this work. Initial diode designs used formaterial 
hara
terisation 
onsisted of a 300 �m diameter pad, with a 200�m wide ring separated from it by a 100 �m gap (Fig 6.2). Su
h a designis similar to the pad/guard-ring stru
ture used in 
ommon pad dete
tors.However for GaN, metal (ohmi
) 
onta
ts 
annot be realised on the ba
ksurfa
e due to the insulating sapphire, and so in this 
ase the "guard-ring"a
ts as a standard S
hottky 
onta
t.

Figure 6.2: An example of pad/ring MSM diode designFor the �nal UV dete
tors, interleaving (MSM) �nger diodes were em-ployed. Finger diodes (Fig 6.3) are formed using 
omb-like patterns. This
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Figure 6.3: An example of an Interleaving �nger MSM diode design (Fingerpit
h & width = 25 �m)stru
ture is thought to be optimised for UV dete
tion in GaN sin
e:1. The small pit
h between the ele
trode �ngers results in the in
identphoton being nearer to an ele
trode. This means that the 
olle
tiontime for generated e-h pairs is redu
ed.2. Even though the ele
trodes are 
lose together (10 �m possibly), usingthe interleaving �nger geometry means the a
tive area (area betweenthe �ngers) is not 
ompromisedThe diodes were designed using the CAD pa
kage, Wavemaker. 3 di�erent�nger diodes were used, of overall dimension 2000 �m � 1700 �m, and �ngerpit
h, equal to �nger width, 25, 50 and 100 �m. Atta
hed to the sides of thediodes were a set of square bonding pads (200 �m per side).6.2.2 Diode Fabri
ationTwo types of lithography were used for fabri
ation of the diodes� Photolithography
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tion will now detail the pro
ess developed for the fabri
ationof MSM UV dete
tors from GaN using photo and ele
tron-beam lithography.CleaningThe material was 
ut into 1 
m2 squares using a diamond saw. A similarsample 
leaning pro
edure was used for both lithographi
 te
hniques. Asolvent 
lean was performed to remove any dirt or remnants of wax left fromthe 
utting of the wafer. The samples were immersed in a beaker of Opti
learand heated in a 60oC water bath for 10 minutes, followed by 10 minutes in anultrasoni
 bath. This was repeated using methanol, a
etone and isopropanol.The samples were then dried with an N2 gun and pla
ed in an oven at 90oCfor 5 minutes.E-beamE-beam resist patterningAn ele
tron sensitive resist was applied on top of the substate by spin 
oating.The most 
ommonly used resist, polymethyl metha
rylate (PMMA), wasused with di�erent mole
ular weights and 
on
entrations, varying from 8%'2010' to 12% '2041'. In ea
h 
ase, the resist was applied with a pipette andspun at 5000 rpm for 30 s. The samples were baked for 30 minutes at 180oC.The sample was then pla
ed in the beamwriter with the desired pattern andwas written with a de�ned dose and spot size.
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tors 126Dose TestsTo optimise the quality of the written job, a series of dose tests were per-formed, varying the dose from 200 to 350 �C
m�2. Shown in Fig 6.4 & 6.5 isthe improvement after several iterations of dose and developing parameters.
Figure 6.4: E�e
t of optimising the dose for 10 �m pad features: (left) -Dose=350 �C
m�2; (right) - Dose=250 �C
m�2

Figure 6.5: E�e
t of optimising the dose for 3 �m Finger diodes: (left) -Dose=350 �C
m�2; (right) - Dose=250�C
m�2As an in
rease in dose required the e-beam to be in
ident on a spot forlonger, the 
umulative e�e
t of ba
ks
attering resulted in the damage in theresist as seen above. The optimal dose was found to be 250�C
m�2 for a 60s development step.Bi-Layer ResistsAs detailed in Chapter 2, bi-layers of resist are often use to enhan
e lift-o�su

ess. After trying various 
ombinations, a noti
eable improvement in lift-
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an beseen in Fig 6.6.
Figure 6.6: Improvement of lift-o� using bi-layer resistsMetallisationTo remove any oxide layer from the surfa
e, the samples were 
leaned ina 1:1 HCl:RO water solution for 1 minute. Metallisation was performedusing a Plassys evaporator. Either a single metal or a 
ombination of metallayers 
ould be deposited. Overall thi
knesses of >150 nm were used to helpprevent s
rat
hing and pier
ing of 
onta
ts by the wire bonds. For lift-o�, thesamples were pla
ed in heated (60oC) a
etone for 5 minutes. In the event offailed lift-o�, unwanted metals were removed in the following solutions: Au(NaI:I:H20), Ti (HF), Ni (HCl), Pd (Aqua Regia -HCl:HNO3)PhotolithographyPhotoresist patterningS1818 was the photoresist used for fabri
ation of the diodes. The photoresistwas applied using a syringe and spun at 4000 rpm for 30 s. The sampleswere soft baked for 30 minutes at 90oC to remove any remaining solvent inthe resist. The samples were then exposed for 4.2 s using a Karl Suss Mask
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hlorobenzene for 15 minutes after UV exposure. Development was doneusing a 1:1 mi
roposit : RO water solution for 150 s.MetallisationMetallisation was performed in a similar fashion to that des
ribed previously.Examples of �nished diodes using photolithographi
 and e-beam te
hniquesare shown in Figs 6.7 & 6.8.

Figure 6.7: Example of a GaN fabri
ated pad/ring dete
tor using photolitho-graphi
 te
hniques

Figure 6.8: Example of GaN fabri
ated MSM �nger diodes using e-beamte
hniques (left) - An array of 25, 50 and 100�m �nger 
onta
ts; (right) -100�m �nger 
onta
t
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tri
al Chara
terisationTo test the performan
e of the S
hottky 
onta
ts on the samples, diodes werewire-bonded using a Hesse and Knipps Bondjet 710M and I-V 
hara
teristi
swere taken using a Keithley 237 ele
trometer.Em
ore GaNFig 6.9 shows the leakage 
urrent versus bias voltage for 3 sets of identi-
al pad/ring diodes fabri
ated on Em
ore AlGaN and GaN diodes. Pd(150nm)/Au(200 nm) was used for the S
hottky 
onta
t. As both 
onta
ts areS
hottky and were identi
al, only one polarity of bias is shown. It 
an beseen that the leakage 
urrent is signi�
antly higher for the AlGaN material.

Figure 6.9: I-V 
hara
teristi
s for diodes on Em
ore GaN & AlGaNThe dark 
urrent (and hen
e the 
ondu
tivity) of the GaN is lower thanthat of the AlGaN by 3 orders of magnitude (10�4A and 10�7 A respe
tivelyat 6 V). We 
an also see that the leakage 
urrent varies signi�
antly withposition of the 
onta
ts on the wafer.
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Figure 6.10: I-V 
hara
teristi
s for diodes on Tokushima GaNFig 6.10 shows the leakage 
urrent for identi
al diodes fabri
ated onTokushima GaN. The results show a lower leakage 
urrent than for bothEm
ore materials.6.2.4 Persistent Photo
ondu
tivityPPC (Persistent photo
ondu
tivity) is prevalent in III-Nitrides. Fig 6.11shows a series of I-V 
hara
teristi
s for AlGaN diodes after periods (at roomtemperature) in a light tight probe station. Estimation of the pp
 levels wasmade by �tting an exponential de
ay to levels of leakage 
urrent at 10 mVbias with varying periods of time in the dark. Fig 6.12 shows PPC levels inthe Em
ore AlGaN sample to de
ay with a lifetime of� 62 minutes. Previouswork has suggested that the origin of pp
 e�e
ts and large densities of pointdefe
ts (previously des
ribed in 
hapter 5 as a YB PL peak in this sample)may arise from the same intrinsi
 defe
t [78℄.
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Figure 6.11: The drop in leakage 
urrent in AlGaN after periods in dark

Figure 6.12: Example of PPC e�e
ts in AlGaN6.3 Dete
tor OptimisationThe following se
tion will now report the work done on redu
ing leakage
urrent levels in the dete
tors, in
luding variation of the diode geometry. theoperating temperature, in
lusion of passivation layers and the use of di�erentmetals to in
rease the S
hottky barrier height.
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hara
teristi
s of diodes with �nger pit
hes of 25, 50 and 100 �mare shown in Fig 6.13. The double S
hottky jun
tion 
an be seen from the

Figure 6.13: (top) - I-V 
hara
teristi
s for MSM GaN diodes; (bottom) -E�e
t of varying �nger pit
h on the I-V 
hara
teristi
s of MSM GaN diodessymmetri
al shapes of the I-V 
hara
teristi
s. Fig 6.13 shows that in
reasingthe �nger pit
h in
reases leakage 
urrent levels. Fig 6.13 shows this in moredetail, suggesting there is a power law dependen
e on leakage 
urrent with�nger pit
h. From these graphs, we see that
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h, the smaller the leakage 
urrent� A larger variation of applied bias is allowed for a smaller �nger pit
h ifthe devi
e is limited by leakage 
urrent6.3.2 Variation of Operating TemperatureFor sili
on, the leakage 
urrent of a dete
tor 
an be halved by de
reasingthe operating temperature by � 7oC. This is be
ause for a perfe
t intrinsi
semi
ondu
tor the 
arrier 
on
entration, ni, is given byni / T 2 exp(�Eg=2kT ) (6.1)where Eg is the bandgap and k is Boltzmann's 
onstant. As GaN is extrinsi
,experimentally there may be a less strong dependan
e of leakage 
urent withtemperature. Using the TSC setup des
ribed in 
hapter 5, I-V 
hara
teristi
swere performed at 100, 200 and 300 K for various GaN materials.

Figure 6.14: I-V 
hara
teristi
s for Em
ore AlGaN & GaN taken at varioustemperatures
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ore MaterialFig 6.14 shows the I-V 
hara
teristi
s for Em
ore GaN & AlGaN at di�erenttemperatures. It 
an be seen that lowering the temperature does have ane�e
t on the leakage 
urrent of the GaN samples, where the bias at whi
hthe 
omplian
e of 1 mA was rea
hed was in
reased from 8 V to 12 V. However,the e�e
t of lowering the temperature was negligible for the AlGaN diodes.6.3.3 Surfa
e PassivationA possible 
ause of the high leakage 
urrent in the AlGaN material wassurfa
e states introdu
ed through defe
ts su
h as dangling bonds [24℄. Oneway to suppress su
h e�e
ts is to passivate the surfa
e of the material. ForSi, passivation is most 
ommonly a
hieved using Si3N4 or SiO2. Si3N4 wasthen deposited on Em
ore AlGaN material to assess any redu
tion in leakage
urrent. Fig 6.15 shows that the use of Si3N4 passivation made no di�eren
e

Figure 6.15: E�e
t of Si3N4 passivation on the I-V 
hara
teristi
s of Em
oreAlGaNto levels of leakage 
urrent, and so would not be a bene�
ial fabri
ation step
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ipes �M (eV) �B GaN (eV)Ti/Ni/Al/Au 4.33 0.22Au 5.1 1Pd/Au 5.12 1.02Ni/Au 5.15 1.05Table 6.1: Work Fun
tions and asso
iated S
hottky barrier heights for variousmetal 
onta
t s
hemes on GaNfor su
h diodes.6.3.4 S
hottky MetalsThe in�uen
e of various metals on the S
hottky barrier was investigated.The metals used for S
hottky 
onta
ts were Pd, Au, Ni and Ti. The workfun
tions and asso
iated barrier heights of the metals on AlGaN & GaN 
anbe seen in Table 6.1. Fig 6.16 shows I-V 
hara
teristi
s for Ti and Ni 
onta
tson AlGaN, and Pd and Au 
onta
ts on GaN. The e�e
t of using Au and Pd

Figure 6.16: E�e
t of varying S
hottky metals on the I-V 
hara
teristi
s ofEm
ore (Al)GaNS
hottky 
onta
ts 
an be seen in more detail in Fig 6.17. As Pd and Au
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tion, using Pd instead of Au does not in
reaselevels of leakage 
urrent. Furthermore, Pd has previously been shown to bemore transparent to UV light than Au [79℄. This means that Pd 
ould beused for semi-transparent 
onta
ts. In this 
ase, a portion of in
ident UVradiation 
ould be dete
ted by areas of GaN under the �ngers themselves,thereby in
reasing the "�ll-fa
tor" of the devi
e without in
reasing the phys-i
al dimensions of the diode stru
ture.

Figure 6.17: E�e
t of Pd and Au S
hottky 
onta
ts on the I-V 
hara
teristi
sof Em
ore GaN
6.4 UV Chara
terisationThe previous se
tion des
ribed the development of the fabri
ation pro
essesand ele
tri
al optimisation of the GaN dete
tors. An I-V 
hara
teristi
 wasmeasured while the dete
tor was illuminated by the sour
e. Fig 6.18 showsan in
rease in 
urrent by 3 orders of magnitude for the unbiased sample.The following se
tion will now des
ribe a how a more detailed examinationof spe
tral response was 
arried out using a deuterium lamp sour
e 
oupled
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Figure 6.18: I-V 
hara
teristi
 for interdigitated GaN dete
tors with/withoutexposure to UVto an automated mono
hromator.6.4.1 TheoryA photodete
tor 
an be treated as an element 
apable of a

epting an opti
alsignal and produ
ing an ele
tri
al signal proportional to the opti
al signal.When light is in
ident on a photodete
tor, a 
arrier is produ
ed when theenergy of the in
ident photon h� > Eg. Any ex
ess energy (h� � Eg) isdissipated as heat to the latti
e. The wavelength of light whi
h is needed togenerated an intrinsi
 transition is de�ned by�
 = h
Eg = 1:24Eg(eV ) �m (6.2)The quantum e�
ien
y of a photodete
tor is then de�ned as the number of
arriers generated per in
ident photon. ie� = (Ip=q)(Popt=h�) (6.3)
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urrent, Popt is the opti
al power of the lightsour
e and h� is the energy of the absorbed photon. Another importantparameter 
on
erning photodete
tors is the responsivity, whi
h is a ratio ofphoto
urrent to opti
al power.< = IpPopt = �qh� = ��(�m)1:24 AW�1 (6.4)6.4.2 Experimental SetupA s
hemati
 diagram of the experimental set-up is shown in Fig 6.19. A deu-

Figure 6.19: Experimental setup for photoresponse measurementterium lamp was used as the UV sour
e (�out= 180-400 nm). The mono
hro-mator was 
ontrolled by software on the PC. Using this software, the in
identlight 
ould be s
anned in wavelength a
ross the spe
trum of the lamp, and thephotoresponse measured. Read-out ele
troni
s ampli�ed the photoresponsesignal. The ampli�ed signal was passed to a 10 bit Analogue to Digital Con-verter (ADC), 
onverting the output voltage signal into bins of �xed width.Ea
h bin represents a voltage interval. The number of 
ounts per bin ver-
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illos
ope. For the spe
tral response measurements, s
ans were performedfrom 180 nm to 450 nm with 1 nm in
rements. The photogenerated 
urrentIp is given by: Ip = VoutG �Rf (6.5)where Vout is the output voltage of the photodete
tor, Rf is the value ofthe feedba
k resistor and G is the gain. A Hamamatsu UV power meterwas used to �nd the opti
al power output, Popt, of the deuterium lamp inthe range from 180 nm to 300 nm (Fig 6.20). The set-up was 
alibrated

Figure 6.20: Output power of the deuterium Lampusing a Hamamatsu sili
on photodiode. An AlGaN photodete
tor whi
h wasalso 
hara
terised allowed a 
omparison of the responsivity and quantume�
ien
y.6.4.3 UV Response MeasurementsThe 25 and 100 �m interdigitated GaN dete
tors were 
onne
ted in serieswith the trans-impedan
e ampli�er with a 32 M
 feedba
k resistor, designed
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Figure 6.21: Spe
tral response for the 100�m GaN photodiode

Figure 6.22: Responsivity measurements for 25 �m and 100 �m interleaving�nger diodes (operated unbiased)and built at RAL [80℄. The dete
tors were operated unbiased. The spe
tralresponse of the 100 �m MSM GaN diode 
an be seen in Fig 6.21. The re-sponsivity of these dete
tors (Fig 6.22) is relatively �at over the bandgap at� 30 mAW�1. The dete
tors show a response in the � 190 nm wavelengthregion, essential for use in syn
hrotron appli
ations. The low quantum e�-
ien
y (Fig 6.23) is thought to be 
aused by a 
ombination of trapping [81℄and the short di�usion length of minority 
arriers [82℄. These measurementsare in agreement with the simulation 
arried out by Monroy et al [83℄, where
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Figure 6.23: Relative quantum e�
ien
ies for the 4 tested dete
torsit is proposed that the quantum e�
ien
y of interdigitated diodes is stronglyin�uen
ed by the �nger pit
h. The next se
tion will now des
ribe a novel usefor su
h interdigitated MSM GaN diodes - the study of protein folding6.5 UV dete
tors for Proteomi
sProteomi
s is the study of the full expression of proteins by 
ells in theirlifetime. Proteins are 
hains of amino a
ids. For amino a
ids to form a proteinthe extended 
hain of amino a
ids must "fold" into a 
ompa
t globular obje
twith exa
tly the right shape. It is important to know more about the dynami
and folded stru
tures as this o�ers an insight to diseases su
h as Alzheimer'sdisease and 
ysti
 �brosis, 
aused by mis-folding of proteins. One methodof measuring the folding of proteins is possible through measurements ofCir
ular Di
hroism, as detailed in the next se
tion.
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ular Di
hroismCD (�g 6.24) is the measurement of the di�eren
e in absorption between leftand right 
ir
ularly polarised light as it passes through an opti
ally a
tivemedium. It is known that ea
h se
ondary stru
ture of a protein has its own

Figure 6.24: A s
hemati
 representation of Cir
ular Di
hroism
hara
teristi
 CD spe
trum. To study how a protein folds into its spe
i�

ompa
t stru
ture, CD measurements must be performed below 260nm.6.5.2 Syn
hrotrons for UVThe need to make measurements where the samples absorb strongly below200nm gives rise to the need to use syn
hrotron ma
hines as sour
es of intenselight, utilising a range of UV not easily a

essible using 
onventional CDinstrumentation (Fig 6.25). A CD experiment is therefore to be performedat the Daresbury syn
hrotron radiation sour
e (SRS) [72℄, utilising the higherintensity and range of ele
tromagneti
 radiation in the hard UV range o�eredby a syn
hrotron sour
e (<�160 nm) [84℄. Fig 6.26 shows an example ofthe 
hara
teristi
 CD spe
tra for various se
ondary stru
ture states. Theadditional range of wavelength, and thus signal when using a syn
hrotronradiation sour
e sour
e 
an also be seen. As well as poor light sour
es,
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Figure 6.25: Comparative intensities of UV light from 
onventional CD in-strumentation and a syn
hrotron radiation sour
e

Figure 6.26: Spe
tral range possible using SRCD measurements su�er from the length of time as well as the relativelylarge amounts of material needed for a 
omplete measurement. In order tominimise the impa
t of these types of di�
ulties, a 46-
hannel array of UVdiodes was proposed to measure the wavelengths 160-260 nm simultaneouslythrough the use of a di�ra
tion grating (Fig 6.27).
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Figure 6.27: Energy dispersive grating for simultaneous CD measurements6.5.3 Designs for GaN UV Dete
tors for Syn
hrotronRadiation Sour
esA novel design was developed for the use of AlGaN as a position sensitiveUV dete
tor - a stru
ture that would be ideal for energy dispersive measure-ments. Instead of using a single inter-digitated ele
trode stru
ture for thediode, it utilises 46 diodes linked by a 
ommon ground. Ea
h diode is thenwire-bonded to a 
ustom p
b, designed to �t into a 
ommer
ially availableDIP so
ket for 
onne
tion to read-out ele
troni
s. This gives �exibility inthe instrument's design by providing modularity and allowing for the inde-pendent development of dete
tor and read-out ele
troni
s. The design forthe p
b used is shown in Fig 6.28.
Figure 6.28: S
hemati
 of the PCB for the 46 
hannel UV dete
tor array onAlGaN
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tors 145The initial design 
an be seen in Fig 6.29. To meet the requirement forminimal dead area, the 46 
hannels (23 on ea
h side) are spa
ed evenly overthe length of the array. In this example, both the pit
h and width of the�ngers was 50 �m.
Figure 6.29: Initial design for 46 
hannel UV dete
tor array on AlGaNHowever, as seen from earlier work, the relative QE of an MSM dete
toris greatly redu
ed unless the �nger pit
h <10 �m. Su
h a parameter inthe above design would either have the diodes bun
hed together, 
reatingproblems for the p
b read-out 
hip, or the diodes would be separated overlarge areas, indu
ing large dead areas. The design should 
onsist of �ngerdiodes with �nger spa
ings of � 10 �m and a regular separation. Theseparameters were in
orporated in the �nal design detailed in Fig 6.30.

Figure 6.30: Completed design for 46 
hannel UV dete
tor array on AlGaN
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ru
ial parameter of �nger pit
h from the spa
-ing requirements. The number of diodes 
an be in
reased or de
reased with-out a�e
ting the �nger pit
h and thus the theoreti
al upper limit of QE ofthe dete
tor. Moreover, the �nger pit
h 
an be redu
ed below 10 �m.6.6 Summary & Future WorkThe work in this 
hapter has detailed the development of fabri
ation pro-
esses in both photolithography and e-beam lithography for the produ
tionof MSM UV dete
tors on (Al) GaN. A pra
ti
al pro
ess now exists for pro-du
tion of interdigitated MSM Diodes on GaN, with �nger pit
hes < 5 �m.The fabri
ation pro
ess in
orporates te
hniques su
h as using bi-layers of re-sist and 
hlorobenzene soaks for lift-o� enhan
ement. Su

essfully fabri
ateddete
tors have been optimised for the metal 
onta
t shemes used for S
hottky
onta
ts, allowing for the possibility to use Pd 
onta
ts for semi-transparent
onta
ts. Experiments showed that the leakage 
urrent 
ould be redu
ed byde
reasing the �nger pit
h of interdigitated MSM diodes.A ratio of 103:1 is seen for levels of photo
urrent against dark 
urrent.Full UV 
hara
terisation of the diodes shows good performan
e in the 190 nmregion when unbiased, with the responsivity relatively �at over the bandgap.Although the level of responsivity is low, unlike UV sili
on, there is still noneed for �lters for the visible range. Also unlike diamond (where the 
ut-o�wavelength is �225 nm), all wavelengths under 365 nm are dete
table. Usingthese results, a 46 
hannel diode array on GaN has been designed for use inCD measurements to be performed at the Daresbury Syn
hrotron RadiationSour
e. The dimensions were 
hosen so that the diode 
an be easily wirebonded to a 
ommer
ially available DIP so
ket The �nished design allows
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Figure 6.31: Example of fabri
ated 5�m and 10�m MSM diodes on GaNthe diodes to be separated by distan
es of millimetres, whilst the dete
tablequantum e�
ien
y will be determined by the pit
h of the �ngers. Semi-transparent 
onta
ts are to be made using Pd metal to optimise the a
tivearea. The dete
tor 
an also be operated unbiased. To test if the QE improveswith a redu
ed �nger pit
h, a set of test arrays with both 5 �m and 10 �m�ngers have been fabri
ated (Fig 6.31) and await 
hara
terisation.



Chapter 7ICP et
hing
7.1 Introdu
tionThis se
tion will report on a study of the development of a dry et
h pro
essof sili
on using a Surfa
e Te
hnology Systems (STS) indu
tively 
oupledplasma (ICP) ma
hine [20℄. The e�e
t of varying the hole diameter on theet
h rate of vias in sili
on is shown, as well as the use of "parameter ramping"to in
rease the performan
e of the et
h for deep holes. Results for protonirradiated sili
on 3D dete
tors fabri
ated using the modi�ed et
h re
ipe areshown. A re
ipe was developed for et
hing vias >50 �m deep, allowingfor the fabri
ation of a shadow mask for the realisation of metal 
onta
ts.Finally, preliminary results for ICP et
hing of GaAs using a non-
arbon based
hemistry are shown.7.2 Et
h Rate TestsTo fabri
ate su

essfully mi
roma
hined devi
es su
h as 3D dete
tors, it isimportant to 
al
ulate the (diameter dependent) et
h rate of holes. For this, aphotolithographi
 mask was fabri
ated using e-beam lithographi
 te
hniques.The mask 
onsisted of arrays of 
ir
les with 10, 20, and 30 �m diameters.148



ICP Et
hing 1494" diameter, 330 �m thi
k Si wafers were s
ribed into quarters and sol-vent 
leaned (as des
ribed in 
hapter 2). After spinning on HMDS, AZ4562photoresist was applied using a syringe. AZ4562 is a relatively high vis
os-ity resist 
ompared to 
lassi
al resists used in thin-�lm lithography, su
h asS1818, resulting in a thi
ker layer of resist. However, spinning this resist atthe standard speed (4000 rpm) produ
es a layer of just 6.2�m. In order toin
rease the thi
kness of the layer, the spin speed was redu
ed to 1500 rpm,produ
ing in a resist layer of �15 �m thi
kness. The in
reased thi
kness ofthe layer is ne
essary to ensure the mask survives for the duration of theet
h. The sample was baked for 30 minutes at 90oC to remove all solventsStep Et
h PassivationGas SF6/O2 C4F8Flow Rate (s

m) 130/10 85Time (s) 13 7.5Platen Power (W) 15 15Coil Power (W) 600 600Table 7.1: Et
h 
hemistry used for holes < 30�m diameterin the photoresist. The samples were exposed on a MA6 mask aligner for 30se
onds. The samples were developed for 4 minutes in a solution of 1:4 AZ400K developer. A post-bake of 15 minutes was done at 90oC. Starting froman et
h duration of 40mins, the samples were et
hed with 20 min in
rementswith an STS ICP ma
hine using an optimised re
ipe (shown in Table 7.1).After et
hing, the samples were then 
leaned, 
ut either side of the arraysusing a wafer s
riber, and 
leaved. The depth of the holes was measuredusing a s
anning ele
tron mi
ros
ope. Fig 7.1 shows samples of the holes asviewed with the SEM, while Fig 7.2 shows the et
h hole depth for varying
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Figure 7.1: Examples of ICP et
hed sili
on using an ASETM pro
ess atGlasgow

Figure 7.2: Et
h rates for varying diameters of holes using an ICP systemnominal hole diameters over a range of et
h times. The graph shows thatthere is a lower et
h rate for smaller features. This is primarily due to the�nite distan
e the et
hant ions 
an travel down the holes. This eventuallyputs a limit on the depth of these features for a de
reasing diameter of holes.At this point, et
h damage from physi
al sputtering 
an dominate, and theholes are often seen to widen at the top, 
reating a 
oni
al-shaped feature.The best aspe
t ratio (depth/diameter) a
hieved was 14:1 for 10�m holes. Inparallel, prepared sili
on samples were et
hed using STS's R&D se
tion at
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Figure 7.3: Examples of ICP et
hed sili
on using an ASETM pro
ess at STStheir Newport plant. STS used an optimised modi�
ation of the re
ipe usedat Glasgow. SEM's of the et
hed samples are shown in Fig 7.3. Et
h depthsfor 10�m diameter holes of up to 170�m (aspe
t ratios of 17:1) produ
ed bySTS have been a
hieved.7.2.1 Parameter RampingFor the et
hing of very high aspe
t ratio features, it is frequently ne
essaryto make alterations to the et
h parameters as the pro
ess 
ontinues. Thisarises from the fa
t that the parameter settings needed for a verti
al pro�leat the start of the et
h are di�erent from those at the end when the aspe
tratio is high. By altering - or ramping - the following parameters, we 
anin
rease the maximum a
hievable aspe
t ratios without sa
ri�
ing featuressu
h as sidewall smoothness and verti
ality.Pro
ess pressureIn general terms, the deeper the hole, the fewer the et
hant spe
ies presentat the bottom. In
reasing the pro
ess pressure results in a higher et
h ratemainly due to in
reasing the number of �uorine radi
als present in the hole.Unfortunately, this 
an lead to poor pro�le 
ontrol in the 
ase of high as-
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t ratio features. Be
ause of the in
reased isotropy of the et
h, bowingand 
losing up of features 
an o

ur. This is mainly due to the in
reaseds
attering of ions at higher pressures, in
reasing the tenden
y to et
h later-ally. Feature 
ontrol 
an be improved by redu
ing the pro
ess pressure, butwith this 
omes an in
rease in mask et
h rate, and so a redu
tion in pro
esssele
tivity as a 
onsequen
e of the in
reased ion energy.Platen powerFor high aspe
t ratio features, applying a high platen power 
an avoid the
losing up of tren
hes towards the bottom of the features. A higher platenpower 
an also help remove the passivation layer at the base of the featuresbut this may lead to an in
rease in the mask erosion rate, resulting in aredu
tion in sele
tivity.Parameter Ramping Et
h Tests

Figure 7.4: 10 �m holes - (left) start, (middle) �nish and (right) rampedparametersSamples with 10, 20 and 30 �m holes were sent to STS for et
hing inan ICP whi
h had ramping software installed. To 
ompare the et
hes withand without ramping, three 100 minute runs were et
hed: one at the starting
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Figure 7.5: 20 �m holes - (left) start, (middle) �nish and (right) rampedparameters

Figure 7.6: 30 �m holes - (left) start, (middle) �nish and (right) rampedparameters
onditions, a se
ond at the �nishing 
onditions, and a third ramping betweenthe start and �nishing 
onditions (where the pressure was redu
ed and theplaten power in
reased through the 
ourse of the et
h). The details fromea
h run are listed in Table 7.3. SEM pi
tures of the �nished et
hes forea
h run 
an be seen in Figs 7.4, 7.5 & 7.6. The results show that withlow platen power and high pressure, sele
tivity is high but the holes tend to
lose up. This 
losing of the holes limits the a
hievable depth. With highplaten power and low pressure the holes are verti
al with no indi
ation atthis depth of 
losing up, but the sele
tivity is poor and so the hole depthsare limited by the mask thi
kness. By ramping the platen power up and the
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hing 154pressure down verti
al holes 
an be et
hed with reasonable sele
tivity and afavourable 
ompromise is rea
hed. Aspe
t ratios of �20:1 for 10 �m holeswere a
hieved, providing an additional depth of 30 �m over 
onventionalASETM te
hniques.Re
ipe Start Ramped FinishMask ER (nm/min) 11 18 63Hole Diameter (�m) 10 20 30 10 20 30 10 20 30ER (�m/min) 1.9 2.7 3.3 2 2.7 3 2 2.5 2.7Pro�le (o) 89.5 89.5 90.6 89.4 89.8 89.7 89.9 90.1 90.1Table 7.2: Details of the ICP et
hing of Si using parameter rampingThis se
tion has shown how it is possible to 
reate features with smalldiameters and large aspe
t ratios. The ability to fabri
ate su
h features insili
on has been utilised for several appli
ations. These in
lude mi
ro�uidi
devi
es (an example of whi
h is shown in se
tion 7.4), gaseous ele
tron mul-tipliers (GEMs) and parti
le dete
tors implementing a 3D topology. Usingsu
h a geometry has major possible advantages over traditional planar de-te
tors fabri
ated from sili
on. The theory, fabri
ation and 
hara
terisationof su
h dete
tors will now be shown in the following se
tion.7.3 3D Dete
torsIn order to 
ountera
t the need for high bias voltages for high 
harge 
ol-le
tion e�
ien
y in radiation damaged planar sili
on radiation dete
tors,geometries exploiting 3D stru
tures et
hed deep into the bulk of a materialhave been proposed [85℄. The planar 
onta
ts to the front and ba
k are re-pla
ed by 
ylindri
al ele
trodes running through the bulk of the material (Fig7.7). The ele
trodes 
an be arranged in a hexagonal 
losed pa
ked geome-
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Figure 7.7: The geometry of a 3D dete
tor [30℄try, giving a more uniform ele
tri
 �eld between the 
entral and surroundingele
todes. The e-h pairs 
reated by an in
oming parti
le are a

elerated in adire
tion parallel to the wafers surfa
e, towards the nearest ele
trodes.The topology of 3D dete
tors means the depletion depth needs to extendonly as far as the distan
e between ea
h pair of oppositely biased ele
trodes.For example, if the distan
e between pairs of ele
trodes is 25 �m, the deple-tion voltage would be �1-5 V, in 
ontrast to a standard 300 �m thi
k sili
onpixel dete
tor, where depletion o

urs at �50-70 V. 3D dete
tors may alsoo�er improved radiation toleran
e of dete
tors. The short 
olle
tion timesa
hievable due to the 
lose approximity of the ele
trodes may mean 
reatede-h pairs might not be trapped by radiation indu
ed defe
ts, as the 
olle
tiontime is shorter than the trapping time of this material in this 
on�guration.Another advantage is that the lateral depletion length is equal to half thedistan
e of the pixel pit
h, no matter whi
h thi
kness of dete
tor. This isplainly not the 
ase for standard planar dete
tors, where the depletion depthis the thi
kness of the dete
tor. This means that the lateral dead area of the
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Figure 7.8: Cross-se
tion of 
harge 
olle
tion in (left) standard planar and(right) 3D dete
tors [30℄dete
tors is minimised, as the a
tive area 
an be 
lose to the 
ut edges of thedete
tor. Another advantage of the 3D topology is that the a
tive volume 
anbe in
reased without in
reasing the operating voltage. This is a
hieved byin
reasing the thi
kness of the material used for the dete
tor. This te
hnology
ould be used to in
rease the e�e
tive stopping power of materials and makethem useful for energy ranges previously 
onsidered unpra
ti
al for X-raydete
tion.As stated in 
hapter 4, along with investigation of new materials, resear
hhas begun into alternative dete
tor geometries for a possible improvement inradiation hardness. Su
h examples are edgeless [86℄ and thinned dete
tors[87℄. The following se
tion will now des
ribe some of the work 
arried out oninvestigating 3D dete
tors for radiation hardness.
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hottky Si Dete
torsS
hottky 
onta
t 3D sili
on dete
tors were fabri
ated by Patri
k Roy andGiulio Pellegrini using holes drilled with an ICP re
ipe optimised for 10 �mholes [30℄. Holes were et
hed using an ICP to a depth of 130 �m, with adiameter and pit
h of 10 and 85 �m, respe
tively. S
hottky metal 
onta
tswere formed using 50 nm Ti and 100 nm Au. 150nm Al inter
onne
ting tra
ks(15 �m wide) were realised on the wafer surfa
e (Fig 7.9). The devi
es were

Figure 7.9: Geometry of holes and 
onta
ts on 3D S
hottky Si dete
torsirradiated with the proton range listed in Table 7.3. The proton irradiationswere 
arried out at CERN in the fa
ility des
ribed in 
hapter 4.Sample Fluen
e (�1013p
m�2)1 1.062 8.113 45.2Table 7.3: Range of proton �uen
es used to irradiate S
hottky 3D sili
ondete
tors7.3.2 ResultsFig 7.10 shows the I-V 
hara
tersti
s that were obtained from the irradi-ated diodes. Using the I-V 
hara
teristi
s, the linear dependen
e between
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Figure 7.10: Current-Voltage 
hara
teristi
s for proton irradiated 3D S
hot-tky Si dete
torsin
reased leakage 
urrent and irradiating �uen
e, � [as de�ned in 
hapter 4℄was used to 
al
ulate the damage 
oe�
ient � to be 1.62�10�7 nA
m�1 (Fig7.11). CCE measurements were 
arried out (a

ording to the method used

Figure 7.11: The linear in
rease of leakage 
urrent with proton �uen
ein 
hapter 4) using an Am241 � sour
e. The maximum a
hievable CCE was
al
ulated to be �60% for the unirradiated dete
tors. The CCE was thenseen to fall to � 5% after 4.52�1014p/
m2 (Fig 7.12).
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Figure 7.12: CCE levels for proton irradiated 3D S
hottky Si dete
torsThe poor performan
e of the CCE levels after irradiation [85℄ [88℄ may bedue to a variety of reasons. These in
lude the possible inhomogeneities in theS
hottky metal / hole sidewall interfa
e or the generally poor performan
eof S
hottky 
onta
ts on sili
on due to the low barrier height. The sampleswere also held at -5oC for a sustained period of time, and although annealingshould not have taken pla
e, some detrimental e�e
t may have o

urred.3D p-n dete
tors utilising doped holes (a 
on�guration whi
h has provedsu

essful in other work [89℄) are to be fabri
ated for 
omparative testing.7.4 Additional ICP Et
hing Te
hniquesSo far, this 
hapter has dis
ussed the optimisation of an ICP system and itsuse for the fabri
ation of 3D dete
tors from sili
on. However, su
h te
hnology
an be used for a wider range of appli
ations. This se
tion will now des
ribethe work 
arried out on some of these, in
luding the use of a through-et
hedsili
on wafer for metal masks and for the fabri
ation of a mi
ro�uidi
 mixing
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e. Additionally, results are shown for the et
hing of small diameter holes(10 �m) in GaAs using an STS ICP ma
hine.7.4.1 Sili
on Devi
esOne possible appli
ation of through-et
hed sili
on wafers is in the �eld ofshadow masks for the realisation of metal 
onta
ts. Prof. Mohan Lal fromIndian Imperial University required a through et
hed sili
on wafer for metaldeposition for solar 
ells on Kapton. The design featured �ngers with a widthand length of 650 and 18000 �m respe
tively, with 325 �m spa
ings. To

Figure 7.13: Pi
tures of (left) - a test stru
ture with varying through-et
hdimensions; (right) - a shadow mask for metal 
onta
t realisationoptimise the et
h re
ipe for fabri
ation of features >50 �m, a test stru
turemask was pro
essed with various feature shapes and dimensions. Variationswere applied to the platen power and deposition time. An example usingthe resultant optimised et
h is shown in Fig 7.13, with the parameters of there
ipe detailed in Table 7.4. Fig 7.13 also shows the �nished shadow mask.The wafer was subsequently fabri
ated and et
hed as in se
tion 7.2.1. Theet
h time was in
reased to 120 minutes. A further example of the use of theoptimised re
ipe des
ribed is shown in Fig 7.14 & 7.15, illustrating se
tionsof a sili
on et
hed mi
ro�uidi
 mixing devi
e.
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h PassivationGas SF6 C4F8RF (W) 600 600Platen (W) 12 12Time (s) 13 7Flow Rate (s

m) 130 85Platen Temp(K) 293 293Table 7.4: ICP Et
h re
ipe for Si with features >50�mThis devi
e had 50 �m deep 
hannel features. The gap between the
hannel and 
hamber is 5 �m wide. The high quality of the et
h is evidentin the sidewall formation, where the polygonal nature of the 
ir
les de�nedby the CAD program WAM is visible on the 
ir
ular 
hamber after et
hing.7.4.2 ICP et
hing of GaAsWhile a signi�
ant body of work has been published on the et
hing of sili
onusing a swit
hed pro
ess, this is not the 
ase for GaAs. Instead of using SF6and C4F8, Cl2-based gases and a mixture of CH4 and SiCl4 are used for theet
h and passivation 
hemistries, respe
tively. For the 
ase of 
arbon based
hemistries, the 
ontamination in the 
hamber is a major detrimental fa
tor:
arbon build up in the 
hamber walls 
an lead to �akes falling on the sample,ruining the et
h. Hitherto no results have produ
ed eviden
e of a swit
hedpro
ess (eg s
alloping) or of aspe
t ratios greater than 3:1 [90℄ using non
arbon based 
hemistries. Work was 
arried out using STS R&D fa
ilitiesinto alternative 
hemistries for the et
hing of GaAs.
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Figure 7.14: Pi
tures of the Et
hed Mi
romixer; (left) - 
hamber and 
hannel,(right) - 
hamber in more detail
Figure 7.15: Pi
tures of the Et
hed Mi
romixer; (left) - merging of input andoutput 
hannels se
tion, (right) - output 
hamberResultsA set of GaAs samples with arrays of 10 �m holes were fabri
ated as des
ribedin se
tion 7.2.1. Plasti
 tweezers were used for handling the GaAs wafers toinhibit the introdu
tion of mi
ro
ra
ks into the material. An initial samplewas et
hed with a starting re
ipe, using Cl2 as the et
h gas and BCl3 andO2 in the deposition step. An adjustment was made to one parameter at atime. The modi�
ations to the re
ipe are shown in table 7.5, with results ofthe 
hanges in the et
h properties shown in Fig 7.15.A signi�
ant improvement 
an be seen from the starting to the �nishinget
h. The striations evident in pi
ture 4 and 5 were 
aused by the failure
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Figure 7.16: Examples of the improvement in et
h quality and rate for ICPpro
essed GaAsto remove fully the passivating layer from the bottom of the holes. Theisotropi
 - or strawberry - et
h (3) was 
aused by not enough passivationon the side wall. The �nal pi
ture (8) shows a hole with the �rst obervedexample of s
alloping (showing eviden
e of a swit
hed pro
ess) in GaAs usinga non-
arbon-based 
hemistry. Aspe
t ratios of 4.5:1 were a
hieved.7.5 Summary & Future WorkIn this 
hapter, a relationship between hole diameter and et
h rate has beensu

essfully established, allowing greater 
ontrol over et
h depths. An upperlimit aspe
t ratio for 10 �m holes of 14:1 was a
hieved using the ASETMpro
ess in an STS ICP. An improved aspe
t ratio of 17:1 was a
hieved us-
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hing 164Step Comment1 Starting Conditions2 Add BCL3 to the et
h step3 Redu
e pass time4 In
rease et
h time5 In
rease pro
ess time6 Redu
e platen power on pass step7 In
rease et
h time8 In
rease pro
ess timeTable 7.5: Optimisation of GaAs ICP et
h re
ipeing STS's own R&D ICP ma
hine. Varying the platen power and pressurethroughout the 
ourse of an et
h has shown the advantages of utilising param-eter ramping to in
rease the performan
e of the et
h. Using the optimisedre
ipes, fabri
ated 3D sili
on dete
tors were tested after proton irradiationsfor their radiation hard properties. The CCE was found to drop signi�
antlyafter irradiation (from 60 to 5% after 5�1014p
m�2), although this is thoughtto be due to the inhomogeneities in the S
hottky metal / hole sidewall inter-fa
e. 3D p-n sili
on dete
tors are 
urrently being fabri
ated for 
omparativetesting. The re
ipe has been modi�ed for et
hing of vias >50 �m. This al-lowed the fabri
ation of a shadow mask for the realisation of metal 
onta
ts.The re
ipe was also demonstrated to be of use in fabri
ating mi
ro�uidi
 de-vi
es. Improvements in the ICP et
hing of GaAs using a non-
arbon based
hemistry were shown to be possible. The ability to 
reate su
h vias in GaAsopens the possibility for improved X-ray dete
tion using 3D GaAs dete
tors.However, the aspe
t ratio and a
hievable et
h depth need to be mu
h im-proved in order for this to be
ome attra
tive. Similar pro
ess developmentis also under investigation using the photo
hemi
al et
hing of GaAs for su
h
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Chapter 8Con
lusions
8.1 Con
lusionsIn this thesis, a range of GaN samples tested were shown to possess goodele
tri
al properties, ensuring its e�e
tiveness as a dete
tion material. Thelow leakage 
urrents measured allow dete
tors to operate with low noise levelsat high biases. A drop of 18% in CCE is measured after Tokushima grownmaterial is irradiated with a �uen
e of 1014n
m�2. Although this drop issigni�
ant, the diode requires no in
rease in operating voltage. The diodeswere also tested pre- and post-irradiation at room temperature. Stabilisingboth the operating bias and temperature is bene�
ial when 
onsidering thepower ne
essary for 
ontinuous operation of a dete
tor. The tested irradiateddete
tors, however, showed a rapid de
rease in CCE values for very highhadroni
 �uen
es (1016parti
les 
m�2).Within this work photolumines
en
e spe
tros
opy, mi
rowave absorption,photo
ondu
tivity and thermally stimulated 
urrent measurements were usedto 
hara
terise defe
ts in a wide range of GaN materials. These in
ludedTokushima grown material irradiated with X-rays, protons and neutrons,Em
ore grown GaN and AlGaN and CST grown Mg doped GaN. Investiga-166
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lusions 167tion of the irradiated samples indi
ated an in
rease in non-radiative re
om-bination 
entres. This was shown through a de
rease in all PL peaks, andthrough the de
rease in the instantaneous 
arrier lifetimes from MWA andPC measurements. An in
rease in asymptoti
 lifetimes suggests that ex
ess
arriers undergo a multi-trapping pro
ess after irradiation. PL measure-ments also indi
ate a rapid de
rease in intensity for the YB peak, indi
atinga transformation of point defe
ts into non-radiative 
entres. Dislo
ation de-fe
ts appear to be un
hanged with irradiation.Photolumines
en
e spe
tra were also used to identify the molar fra
tionof Al present in an Em
ore AlGaN wafer, whi
h was found to be �10%.PL was used to show that in
reasing TMG �ow rates in MOCVD growth
an signi�
antly in
rease both point and dislo
ation defe
ts. The a
tivationof Mg doped GaN was also veri�ed using PL spe
tra. A 
ommon defe
twith a
tivation energy of �0.675 eV is found for two types of Em
ore GaNmaterial using both TSC and MWA measurements. The variety of trap levelsfound throughout the materials is 
onsistent with previous results, suggestingnumerous material dependent defe
t levels in thin GaN �lms.Photolithographi
 and e-beam lithographi
 fabri
ation te
hniques weredeveloped in this work for the produ
tion of MSM UV dete
tors on Em
oregrown (Al)GaN. A pra
ti
al pro
ess now exists for produ
tion of interdigi-tated MSM Diodes on GaN, with �nger pit
hes < 5 �m. The fabri
ation pro-
ess in
orporates te
hniques su
h as using bi-layers of resist and 
hloroben-zene soaks for lift-o� enhan
ement. Su

essfully fabri
ated dete
tors haveoptimised metal 
onta
t s
hemes used for S
hottky 
onta
ts, allowing forthe use of Pd 
onta
ts for semi-transparent 
onta
ts. Experiments showedthat the leakage 
urrent 
ould be redu
ed by de
reasing the �nger pit
h of
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lusions 168interdigitated MSM diodes. A ratio of 103:1 is seen for levels of photo
urrentagainst dark 
urrent. Full UV 
hara
terisation of the diodes showed goodperforman
e in the 190 nm region when unbiased, with the responsivity rela-tively �at over the bandgap. Although the level of quantum e�
ien
y is low,unlike UV sili
on, there is no need to �lter out the visible range. Also unlikediamond (where the 
ut-o� wavelength is �225 nm), all wavelengths under365 nm are dete
table.Using fabri
ation pro
esses developed in this work, a 46 
hannel diodearray on GaN has been designed for use in CD measurements to be performedat the Daresbury Syn
hrotron Radiation Sour
e. This design in
orporatedthe �rst ever use of interdigitated �nger diodes on GaN for position sensitivelight dete
tion. The dimensions of the �nger didoes have been 
hosen sothat the dete
tor 
an be easily wire bonded to a 
ommer
ially available DIPso
ket. The �nished design allows the diodes to be separated by distan
es ofmillimetres, whilst the dete
table quantum e�
ien
y will be determined bythe pit
h of the �ngers. The dete
tor 
an also operate unbiased.Finally in this work, an STS ICP system has been used for the 
reationof vias in sili
on and gallium arsenide, for the produ
tion of 3D dete
tors.A relationship between hole diameter and et
h rate has been su

essfullyestablished, allowing greater 
ontrol over et
h depths. An upper limit of14:1 aspe
t ratio for 10 �m holes was a
hieved using the ASETM pro
essin an STS ICP. An improved aspe
t ratio of 17:1 was a
hieved using STS'sown R&D ICP ma
hine. Varying the platen power and pressure throughoutthe 
ourse of an et
h has shown the advantages of utilising parameter ramp-ing to in
rease the performan
e of the et
h, where an aspe
t ratio of 20:1was a
hieved. Using the optimised re
ipes, fabri
ated 3D sili
on dete
tors
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lusions 169were tested after proton irradiations for their radiation hard properties. TheCCE was found to drop signi�
antly after irradiation (from 60 to 5% after5�1014p
m�2), although this is thought to be due to the inhomogeneitiesin the S
hottky metal / hole sidewall interfa
e. The re
ipe was then mod-i�ed for et
hing of vias >50 �m. This enabled the fabri
ation of a shadowmask for the realisation of metal 
onta
ts. The re
ipe was used in fabri
at-ing mi
ro�uidi
 devi
es. Improvements in the ICP et
hing of GaAs using anon-
arbon based 
hemistry were shown.8.2 Future WorkTo use GaN as a parti
le dete
ting material for large experiments, the yieldof material must in
rease. GaN grown on sapphire 
annot utilise many diode
on�gurations, as 
onta
ts 
annot be realised to the ba
k of the substrate.An in
rease in thi
kness of GaN from 2 �m would also be ne
essary for itsuse as a tra
king dete
tor. Currently, investigations are about to begin usingthi
ker GaN. This will involve the fabri
ation and testing of dete
tors madefrom both 25 �m thi
k and bulk (>250 �m) GaN.Initial 
hara
terisation of the diode designed in this work for 
ir
ulardi
hroism measurements is required. For this, fabri
ated arrays with 5 �mand 10 �m �ngers are to be tested for improvement of leakage 
urrent, re-sponsivity and quantum e�
ien
y. Results from this work have suggestedoptimisation of the a
tive area 
an be made using semi-transparent Pd metal
onta
ts. Testing of the �nished devi
e should begin in Spring 2005 in 
on-jun
tion with the Daresbury syn
hrotron radiation sour
e and RutherfordAppleton LaboratoriesThe re
ipes developed for use with an STS ICP for the et
hing of sili
on
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lusions 170will form the basis of several proje
ts. The ability to et
h deep holes in sil-i
on 
an now be utilised for the fabri
ation of gaseous ele
tron multipliers(GEMs), mi
ro�uidi
 devi
es and p-n based 3D dete
tors. Su
h p-n jun
-tions are now being fabri
ated and their radiation hard properties will be
hara
terised again using protons and neutron irradiation and CCE degra-dation and in
reased leakage 
urrents. The ability to 
reate vias in GaAshas opened the possibility for the fabri
ation of 3D GaAs dete
tors. Su
hdete
tors 
ould be used for improved X-ray dete
tion. Similar pro
ess devel-opment is also under way into the photo
hemi
al et
hing of GaAs for su
hpurposes.
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