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Abstract

Semiconducting materials ha v e b een used for o v er 40 y ears, with the ma jorit y

of w ork fo cussing on the use of silicon. This thesis details the w ork done on

the dev elopmen t of no v el radiation detectors. F abrication pro cesses for the

pro duction of GaN dio des w ere dev elop ed using b oth e-b eam and photolitho-

graphic tec hniques. Devices w ere fabricated on a range on GaN w afers, and

w ere electrically c haracterised b y CCE and I-V measuremen ts. Defect c har-

acterisation w as p erformed using micro w a v e absorption (MW A), thermally

stim ulated curren t (TSC) and photoluminescence (PL) tec hniques. A com-

mon defect with activ ation energy of � 0.67 e V w as found for t w o t yp es of

Emcore gro wn GaN material using b oth TSC and MW A measuremen ts. The

v ariet y of trap lev els found throughout the materials is consisten t with previ-

ous results, suggesting n umerous and material dep enden t defect lev els in thin

GaN �lms. Photoluminescence sp ectra w ere also used to determine the molar

fraction of Al presen t in an Emcore AlGaN w afer, whic h w as found to b e �

10%. PL w as also able to sho w that increasing TMG �o w rates in MOCVD

gro wth can signi�can tly increase b oth p oin t and dislo cation defects. The ac-

tiv ation of Comp ound Semiconductor T ec hnologies (CST) gro wn Magnesium

dop ed GaN w as also v eri�ed using PL sp ectra.

T okushima gro wn GaN Sc hottky 1 mm diameter pad detectors w ere tested

for its suitabilit y as a detector for the sup er Large Hadron Collider (sLHC)
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in whic h the estimated 10 y ear hadron �uence is up to 1x10

16

cm

� 2

. The

c harge collection e�ciency w as observ ed to drop to 62% after the material

w as irradiated with a neutron �uence of 10

14

n cm

� 2

, to 6% after 10

15

n cm

� 2

,

and then to 4.5% after 10

16

n cm

� 2

. The c harge collection e�ciency dropp ed

to 14% after 10

16

p cm

� 2

. Leak age curren ts after all irradiations remained in

the 10

� 11

A region at a bias v oltage of 15 V. Characterisation of radiation

induced defects w ere indicates an increase in non-radiativ e recom bination

cen tres. This w as sho wn through a decrease in photoluminescence p eaks,

and through the decrease in the instan taneous carrier lifetimes from MW A

and PC measuremen ts. An increase in asymptotic lifetimes suggests that

excess carriers undergo a m ulti-trapping pro cess after irradiation. PL mea-

suremen ts also indicate a rapid decrease in in tensit y for the y ello w band

p eak, indicating a transformation of p oin t defects in to non-radiativ e cen tres.

Dislo cation defects app ear to b e unc hanged with irradiation.

Emcore gro wn GaN and AlGaN w afers w ere also in v estigated for use as

a photon (UV) detector. No v el in terdigitated metal-semiconductor-metal

(MSM) con tacts w ere successfully fabricated utilising �nger spacings of 25,

50 and 100 � m. Suc h detectors ha v e b een optimised for the metal con tact

sc hemes used for Sc hottky con tacts, allo wing for the p ossibilit y to use Pd

con tacts for semi-transparen t con tacts. Exp erimen ts sho w ed that the leak-

age curren t could b e reduced b y decreasing the �nger pitc h of in terdigitated

MSM dio des. A ratio of 1000:1 is seen for lev els of photo curren t against

dark curren t. F ull UV c haracterisation of the dio des sho w ed a resp onsiv-

it y of � 30 mA/W when op erated un biased, whic h remained relativ ely �at

across the bandgap. A design for the �rst ev er p osition sensitiv e GaN UV

detector utilising in terdigitated �nger dio des is prop osed. Suc h a detector is
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suitable for energy disp ersiv e Circular Dic hroism (CD) measuremen ts used

in conjunction with the Sync hrotron Radiation Source at Daresbury . The

�nished design allo ws the dio des to b e separated b y distances of millimetres,

whilst the detectiv e quan tum e�ciency will b e determined b y the pitc h of

the �ngers. The detector can also b e op erated un biased.

T o allo w for the fabrication of so-called 3D Sc hottky detectors, etc h

recip es used with an STS ICP etc h system for the creation of uniform diam-

eter, �ne p ores in silicon w ere optimised. A maxim um asp ect ratio of 14:1

w as ac hiev ed for 10 � m diameter holes. W ork done on parameter ramping

has allo w ed the p ossibilit y to increase this ratio. 3D detectors fabricated

using this mo di�ed recip e sho w ed a drop from 60% to 5% after irradiation

with 4 : 5 � 10

14

p cm

� 2

. An alternativ e v ersion of this recip e w as used for

the creation of sev eral no v el devices, including a silicon mask for metal con-

tacts, and a micro�uidic mixing device. W ork w as also completed on the �rst

ev er switc hed pro cess etc hing of GaAs using a non-carb on based c hemistry .

Asp ect ratios of 4.5:1 w ere ac hiev ed for 10 � m holes in this material.
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Chapter 1

In tro duction

F or the last 40 y ears, silicon has b een the most commonly used semiconduct-

ing material for radiation detectors. Ho w ev er, in recen t times there has b een

an increased in terest in the study of alternativ e semiconducting materials. In

this thesis, w ork will b e presen ted on the pro cess dev elopmen t, fabrication

and ev aluation of new materials: namely the semiconductor gallium nitride

(GaN) as a material for detecting b oth particle and ultra violet (UV) radia-

tion. F urthermore, w ork has b een done on deep reactiv e ion etc hing (DRIE)

pro cessing of silicon in order to fabricate 3D detectors - an alternativ e dio de

geometry using a standard semiconducting material. This section will no w

pro vide a bac kground to the history of these detectors and the pro cesses

necessary for their pro duction.

1.1 Gallium Nitride

Gallium nitride (GaN), along with AlN & InN, are I I I-nitride semiconductors.

These materials are c haracterised b y a wide bandgap. ( E

g

= 3.39, 6.2 &

1.97 e V resp ectiv ely). Selected electrical and material prop erties of GaN are

giv en in T able 1.1 along with those of Si, GaAs and another wide bangap

23
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Si GaAs GaN 4H-SiC

Bandgap (e V) 1.12 1.4 3.39 3.3

Bandgap T yp e Indirect Direct Direct Indirect

Crystal Structure Diamond Zincblende W urtzitic W urtzitic

Densit y ( g cm

� 3

) 2.328 5.32 6.15 3.2

Mobilit y ( cm

2

V

� 1

s

� 1

) �

e

1500 8500 1000 900

�

h

450 400 30 20

Breakdo wn Field ( V cm

� 1

) 3 � 10

5

4 � 10

5

3 � 10

6

3 � 10

6

Thermal Conductivit y ( W cm

� 1

K

� 1

) 1.5 0.46 1.5 4.9

T able 1.1: Selected electrial and material prop erties of v arious semiconduc-

tors

semiconductor, 4H-SiC. GaN w as �rst syn thesised in 1938 b y Juza and Hahn

[1]. It w as not un til 1969 that the �rst generation of large area la y ers on

sapphire substrates w as ac hiev ed [2 ]. In recen t y ears, ho w ev er, there has b een

a great increase in the study of suc h I I I-Nitride semiconductors, primarily

due to their direct, wide bandgaps. It w as only in 1990 that the �rst AlGaN

substrate w as fabricated [3]. F or Al

x

Ga

1 � x

N , the bandgap is calculated as

E

g

( x ) = E

g

GaN (1 � x ) + E

g

Al N ( x ) � bx (1 � x ) (1.1)

where E

g

GaN = Bandgap of GaN, E

g

Al N = Bandgap of AlN, x = molar

fraction of Al and b is the "b o wing" parameter ( � 0.8 [4]).

1.2 GaN as a Radiation Detector

The abilit y to fabricate suc h ternary allo ys giv es GaN a ma jor adv an tage

for radiation detection. The bandgap of GaN, along with its ternary and

quarternary comp ounds (eg InGaN, whic h w as created in 1993 [5]), span the

con tin uous range of the electromagnetic sp ectrum, making suc h a material

suitable for applications suc h as high-brigh tness ligh t emitting dio des and
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lasers [6, 7].

Figure 1.1: The v arious ternary and quarternary materials used for LED's

with the w a v elengths indicated

A dditionally , as GaN has a bandgap of 3.39 e V, its maxim um detectable

w a v elength is

�

C U T

=

hc

E

g

=

1 : 24 �m

3 : 39 eV

= 340 nm (1.2)

The high bandgap material is not sensitiv e to visible ligh t and ensures that

GaN has a higher signal-to-noise ratio for UV detection than, for example,

silicon. By adding v arying fractions of Al, the bandgap can b e adjusted to

ensure the detector is completely "solar blind", so that no �lters are required.

This w ork describ es the in v estigation of (Al)GaN as a UV detecting material,

outlining b oth e-b eam and photolithographic fabrication pro cesses dev elop ed

for the pro duction of UV detectors from (Al)GaN. Suc h detectors will b e

sho wn to b e a viable option for use in protein folding exp erimen ts suc h as

circular dic hroism (CD).

GaN is also suitable for high temp erature and high p o w er electronics

[8]. Due to its high densit y and breakdo wn �eld [9], GaN has also recen tly

b een though t of as a p ossible alternativ e to silicon as a particle detector
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for use in harsh radiation en vironmen ts [10]. Its use as a particle detector

for the Large Hadron Collider (LHC) and its p ossible upgrade, sLHC, w ere

in v estigated through the irradiation of GaN with neutrons, protons and X-

ra ys. Fluences of up to 1 � 10

16

particles cm

� 2

w ere used, and subsequen t

c hanges in op erating e�ciencies of the devices sho wn.

1.3 Defect Characterisation

As GaN is a relativ ely new material, it is necessary to study the defects

that ma y b e presen t in the crystal lattice, and their p ossible in�uences on

its op erating p erformance. F or (Al)GaN, the defect densit y is though t b e as

high as 10

15

cm

� 2

[11]. As w ell as b eing caused b y impurities, the v ast ma-

jorit y of these defects are though t to b e structural defects, in tro duced at the

gro wth stage. In this w ork, v arious t yp es of GaN w ere in v estigated for their

as-gro wn defects. F urthermore, radiation induced defects w ere also studied

with a view to determine their p ossible detrimen tal consequences. Ev alu-

ation of suc h defects will b e sho wn through studies of photoluminescence

(PL), micro w a v e absorption (MW A), photo conductivit y (PC) and thermally

stim ulated curren ts (TSC).

1.4 ICP etc hing

The �nal c hapter in this w ork will detail in v estigations of the impro v emen t

of the deep reactiv e ion etc hing (DRIE) dry etc hing of silicon and gallium

arsenide using a Surface T ec hnology Systems (STS) [12] inductiv ely coupled

plasma (ICP) to ol. Suc h tec hnology mak es p ossible the fabrication of a new

geometry of detector - the 3D detector. "3D" detectors are though t to b e a
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viable alternativ e to standard planar tec hnologies, with applications ranging

from X-ra y detection to a future extremely radiation hard detector for the

LHC.



Chapter 2

F abrication tec hniques

2.1 In tro duction

This c hapter will discuss the main pro cesses that are in v olv ed in the fabrica-

tion of b oth semiconductor and MEMS (Micro-Electro-Mec hanical Systems)

devices. These include lithograph y (b oth optical and e-b eam), surface prepa-

ration, thin �lm dep osition and lift-o�. There is also an explanation of the

pro cessing of 3D silicon devices using dry etc hing tec hniques and the accom-

pan ying plasma theory that forms the basis of suc h a pro cess.

2.2 Lithograph y

Lithograph y is used to transfer a pattern of geometrical shap es on to the sur-

face of a substrate. It transfers this pattern via a la y er of resist, whic h is

applied to the surface of the substrate then exp osed to the pattern and dev el-

op ed. F rom this stage, the substrate can b e etc hed, or metal can b e applied

using the shap e of the patterned resist. Sev eral tec hniques for lithograph y ex-

ist using sources ranging from optical (UV) to non-optical (e-b eam, protons,

X-ra y). Eac h tec hnique has particular adv an tages, suc h as resolution (min-

im um feature size), registration (minim um o v erla y accuracy of 2 or more

28
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patterns) or pattern transfer time. Consequen tly , t w o di�eren t structures

migh t require their o wn lithographic metho d, dep ending on their sp eci�c re-

quiremen ts. In this w ork, the fabrication of UV GaN detectors w as carried

out using e-b eam and optical lithograph y , while devices made in silicon for

3D structures other devices used only optical lithograph y tec hniques.

2.2.1 Photo lithograph y

UV LIGHT

LENS

PATTERN BEING

REPEATED ONTO

WAFER

WAFER WITH

PHOTORESIST

MASK

Figure 2.1: Sc hematic diagram of optical lithograph y

Optical lithograph y (or photolithograph y) transfers patterns on to a resist-

co v ered substrate using ultra violet ligh t. The resist is exp osed to UV ligh t

through a mask b earing the desired pattern (Fig 2.1). Therefore - for a

p ositiv e resist - the only areas of resist exp osed to the ligh t are those b eneath

the transparen t sections of the mask. As the resist is ligh t sensitiv e, its

c hemical prop erties c hange when exp osed to the ligh t. After w ashing the
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sample in a dev eloping �uid, the areas of resist that w ere exp osed to the UV

dissolv e, lea ving the remaining resist on the sample in the shap e of the mask

design.

There are t w o w a ys of p erforming photolithograph y; con tact prin ting,

and pro jection prin ting. F or con tact prin ting, the mask is in con tact with

the sample, whereas for pro jection prin ting, the mask is a distance a w a y

from the sample and lenses are used to fo cus the ligh t through the mask. F or

con tact prin ting, there is no need for exp ensiv e optics but the transferred

pattern is a�ected b y an y inhomogeneities in the resist thic kness. This do es

not o ccur in pro jection systems where there is also less defect generation

as the mask and sample are not in con tact. F or these reasons, pro jection

prin ting is preferen tially used in industry , and w as the metho d used in this

w ork.

Photoresist

A photoresist is comp osed of 3 comp ounds: a base resin, a photosensitiv e

comp onen t and an organic solv en t. The photosensitiv e comp onen ts are made

up of long c hain carb on p olymers, and come in t w o p olarities: negativ e and

p ositiv e (Fig 2.2). F or p ositiv e resists (whic h w as the p olarit y of resist used in

this w ork), these long c hain molecules break up under exp osure to UV ligh t

(c hain scission), with the exp osed areas dissolving more quic kly in dev eloping

�uid. F or negativ e resists, sev eral p olymer c hains tend to join together under

UV exp osure (cross-linking), resulting in exp osed resist dissolving at a slo w er

rate.

The t yp e of resist whic h is c hosen dep ends on the resist's sensitivit y , whic h

is a measure of the amoun t of ligh t energy needed to create a c hemical c hange
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UV

Mask

Photoresist

               Si

Negative ResistPositive Resist

Figure 2.2: E�ects of p ositiv e and negativ e resists

in the resist, and the resolution, whic h determines the minim um feature size

whic h can b e transferred on to the photoresist.

Resist application

The failure to remo v e debris and dust particles from the surface of the mate-

rial b efore resist application will lead to degradation in the qualit y of pattern

transfer. T o remo v e suc h con taminan ts, samples are cleaned in an ultrasonic

bath in the follo wing solv en ts:

� Opticlear for 5 min utes

� Heated A cetone ( 40

o

C ) for 5 min utes

� Methanol for 5 min utes

� Iso propanol (IP A) for 5 min utes

� R O w ater for 5 min utes

� Dried using N

2
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F abrication of devices is p erformed in a "cleanro om", where the h umidit y ,

temp erature and densit y of dust particles can b e con trolled. The cleanro oms

in this w ork w ere class 10000 (10000 dust particles > 0 : 5 �m /cubic fo ot),

with class 100 w ork cabinets (100 dust particles > 0 : 5 �m /cubic fo ot).

UV

PhotoresistSubstrate

Figure 2.3: The fabrication steps for photolithograph y

The transfer of patterned resist on to a substrate is done in sev eral stages

(Fig 2.3). T o apply the photoresist to the surface of the sample, the sample

is placed on a v acuum c h uc k. This c h uc k is able to spin round at a sp eed that

is determined b y the user (measured in rev olutions p er min ute). A HDMS

(hexameth yldisilazane) based primer is applied to the surface of the sample

and spun on. HMDS is used to impro v e photoresist adhesion to o xides.

The HMDS reacts with the o xide surface in a pro cess kno wn as silylation,

forming a strong b ond to the surface. A t the same time free b onds are left

whic h readily react with the photoresist, enhancing the photoresist adhesion.

The photoresist is then applied to the w afer surface in small quan tities

using a �ltered syringe, and is spun at a set sp eed and time to determine

the thic kness of the resist la y er. F or photoresists, the last t w o digits in the

name giv e an indication of its thic kness when spun at 4000 rpm for 30 s.
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F or example, the most commonly used resist, Shipley 1818, can ac hiev e a

thic kness of 1.8 � m, whereas for AZ4562, its thic kness is 6.2 � m. Although

S1818 is the most commonly used photoresist, in this w ork it is not suitable

for all pro cesses. An example of this is its unsuitabilit y for use as a mask for

dry etc hing. In this case a more resilien t photoresist suc h as AZ4562 should

b e used (This will b e co v ered later on in c hapter 7).

The sample is placed in an o v en ( 90

o

C ) for 30 min utes to remo v e an y

remaining solv en t in the resist. The sample is then exp osed in the pro jection

prin ter (or mask aligner) for a time determined b y the photoresist t yp e and

feature sizes. It is then dev elop ed in a dev elop er solution for a time and t yp e

determined b y the resist t yp e. (Examples of suc h times are giv en in table

2.1)

Resist T yp e S1818 AZ4562

Spin Resist 4000 rpm for 6 s 1500 rpm for 60 s

Soft bak e 30 min at 90

o

C 30 min at 90

o

C

Exp osure 4.2 s 30 s

Dev elopmen t 1:1 H20:Microp osit (2 mins) 4:1 H20: AZ400K dev elop er (4 min)

T able 2.1: Application parameters for v arying t yp es of resists

A p ost bak e is then done for 30 min utes for samples whic h use the pho-

toresist as an etc h mask. The p erfect photoresist pattern should b e one with

sharp edges ( 90

o

resist pro�les) along the geometries of the required design.

This situation is not alw a ys realised as photolithographic pattern transfer

can b e a�ected b y di�raction, leading in some cases to incomplete exp osure

or the broadening of the features. Mo di�cations to this standard pro cess are

sho wn in c hapter 6 for the pro duction of UV detectors from GaN.
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2.2.2 E-Beam

Whereas the inciden t exp osure source for photolithograph y is UV (em radi-

ation), for e-b eam it is electrons. Using Ra yleigh's criterion [14 ]

W

min

= k

�

N A

(2.1)

where W

min

is the minim um feature size, � is the w a v elength of the source

and k and NA are constan ts related to the resist and ap erture, w e see that

the limit of the resolution is prop ortional to the w a v elength.

As the w a v elength of m ulti-k e V electrons is m uc h shorter than the w a v e-

length of UV, the resolution is therefore impro v ed, resulting in the abilit y to

write smaller sized features ( � 10 nm ). In addition, as no ph ysical masks are

used (instead the design is written in a pattern con trolled b y a CAD �le),

e-b eam is a more �exible to ol, as c hanging designs do esn't imply higher ex-

p enses and long dela ys. The main disadv an tage of e-b eam lithograph y is the

sp eed of pattern writing, as the e-b eam writes one pixel at a time (serially)

whereas optical lithograph y writes all pixels instan taneously (parallel) and is

consequen tly m uc h quic k er.

E-Beam Mac hine

The e-b eam mac hine (or b eam writer) used w as the Leica EBPG5 HR100

[15]. Fig 2.4 sho ws the main comp onen ts of the b eam writer. The electrons

are generated b y an electron gun at the top. The electron gun is usually

made of a material that can emit a suitable curren t densit y of electrons, suc h

as a single crystal of lan than um bromide ( LaB

6

) or a tungsten �lamen t. The

condenser lenses are used to fo cus the b eam size to a set diameter, kno wn

as the sp ot size. The blanking plates are used to switc h the b eam on and
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o�, while the �nal set of lenses is used to direct the b eam of electrons within

the scanning �eld to p ositions on the substrate b elo w. The ap erture con trols

the curren t densit y of the b eam. The substrate is on a mec hanical stage

con trolled b y an in terferometer, whic h can b e mo v ed so the scanning �eld

can impinge on ev ery part of the substrate.

Figure 2.4: Sc hematic diagram of e-b eam mac hine [13 ]

E-Beam P arameters

The patterns used in e-b eam lithograph y are designed in a CAD pac k age

(W a v emak er or L-edit) and are stored as GDS �le t yp es. The GDS �les are

then transferred to a computer called CA TS (Computer Aided T ranscription

System) where they can b e c hanged in to �les readable b y the program BELLE

(Beam writer Exp osure La y out for Lithographic Engineers) (Fig 2.5). Once

in BELLE, parameters of the pattern writing can b e set and an indication

of the job time is giv en. The parameters are sho wn in T able 2.2.



F abrication tec hniques 36

Readfile

Writefile
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Pattern layout 

using BELLE 

Pattern Designed 

Using Wam / L-Edit 
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.IWFL

.COM

Pattern File Job File

Log on from 

any Computer

FTP

CATS Computer 

Located in

 design lab

Computer LithoB Located in

           the control room

Figure 2.5: Computer and �let yp es used for e-b eam lithograph y

The writing time of a job can b e calculated as

time =

total char g e

beam cur r ent

=

ar ea � dose ( char g e=ar ea )

beam cur r ent

(2.2)

Also, the sp ot size increases linearly with the b eam curren t. A sp ot size of

160nm has a b eam curren t of 24 nA. This means a 1 cm

2

substrate requiring

a dose of 300 � C/ cm

2

w ould tak e

J ob time =

1 � 300 �C

0 : 024 �A

= 12500 s = 3 : 47 hr s (2.3)

Larger sp ot sizes are therefore used for larger features to reduce write times.

The smallest features that can b e written are � 30 nm features using a 12 nm

sp ot size with a b eam energy of 100 k V. Registration (using suitable mark ers)

can b e done to 50 nm, a v ast impro v emen t on photo lithograph y , whic h is

limited to � 5 � m.
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P arameter Consequence

Beam Energy (k V) 20, 50 or 100. Beam energy con trols

the minim um writable feature

Job T yp e Simple - for a 1 la y er pattern

Registration - if job is to b e written on a previous la y er

Sample Size Can range from 0.5 mm

2

to 5" mask plates (in sp ecial holders)

Sp ot Size (nm) Measure of the ph ysical size of the b eam. Smaller sp ot

sizes ac hiev ed when op erating with small ap ertures and

at 100 k V.

Dose Measure of c harge/area (ho w long the b eam sta ys on one area).

V alue used is determined b y the t yp e of resist used

Resolution P atterns are written in blo c ks of a size

= 32000 resolution steps (nm)

T able 2.2: P arameters for e-b eam jobs

A ma jor problem asso ciated with e-b eam jobs is stitc hing errors. Stitc hing

errors can o ccur when the blo c k size (whic h is con trolled b y the resolution)

is smaller than the pattern size and so the pattern is written in a matrix of

blo c k sized areas. Consequen tly , shap es that o ccur on blo c k b oundaries can

b e written incorrectly as a small error can o ccur in the alignmen t of adjacen t

blo c ks.

E-Beam Resist and Application

The most commonly used e-b eam resist is PMMA (p olymeth yl methacry-

late), whic h is a resist with a long carb on c hain monomer. The inciden t

electrons in teract with the atoms of the resist, pro ducing a high concen tra-

tion of secondary electrons. These in teractions cause the c hemical b onds

of the resist to b e brok en (c hain scission) in to smaller molecular fragmen ts.

These smaller fragmen ts ha v e a reduced molecular w eigh t, resulting in the ir-

radiated areas dissolving more quic kly in the dev eloping �uid MIBK (meth yl
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isobut yl k etone). The fabrication tec hniques used for e-b eam lithograph y are

similar to those used for photo-lithograph y (P arameters are giv en in T able

2.3).

Step P arameters

Spin Resist Applied with pip ette and spun at 5000 rpm for 60 s

Soft bak e 30 min at 180

o

C to remo v e solv en t

P attern W riting Sp ot size, dose and energy dep enden t

on resist t yp e and size and densit y of features

Dev elopmen t Sample dev elop ed in solution of

1:1 MIBK:IP A for 60 s at 23

o

C

T able 2.3: Application parameters for e-b eam resists

Chapter 6 will sho w in more detail the optimisation of e-b eam parame-

ters necessary for the fabrication of GaN detectors with in terdigitated �nger

dio des with spacings <10 � m.

2.3 Lift-O�

F or the application of metal con tacts using the patterned resist, w e use a

tec hnique kno wn as lift-o�. A thin la y er of metal is dep osited on the surface

of the sample (on top of the patterned resist) using ev ap oration tec hniques.

Suc h a dep osition is highly directional so that no metal is dep osited on the

sidew alls of the dev elop ed resist. This causes a break in the metal la y er

con tin uit y along the pro�le of the resist/surface in terface. The sample is

then placed in acetone where an y remaining resist is subsequen tly dissolv ed.

This lea v es w ell-de�ned con tact regions in the shap e of the initial mask design

(Fig 2.6).
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Spin on photoresist 




UV exposure and

    development

Lift-off in acetone Metal Evaporation

Figure 2.6: Pro cess sequence for photolithographic lift-o�

2.3.1 Surface Preparation

When fabricating Sc hottky con tacts, the con trol of the metal-semiconductor

in terface is v ery imp ortan t. Ideally , the in terface should b e defect and o xide

free, and atomically smo oth. Con tacts formed on materials with sup er�cial

o xide la y ers will ha v e electronic prop erties that v ary from theoretical pre-

dictions. Principally , the size of the con tact p oten tial, whic h is theoretically

determined b y the di�erence of the metal's w ork function and the semi-

conductor's electron a�nit y , will instead b e de�ned - and reduced - b y the

prop erties of an y o xide la y er presen t. This e�ect is kno wn as F ermi pinning.

T o minimise the e�ects of surface states, samples can b e cleaned in dilute

h ydro c hloric acid (HCl), h ydro�uoric acid (HF) or A qua regia (3M HCl: 1M

H N O

3

) b efore the metal is applied to the surface.

2.3.2 Lift-o� Enhancemen t

T o reduce the c hances of an imp erfect lift-o� - when some or all of the

un w an ted metal remains on the surface - pro cesses can b e optimised to en-

courage an o v erhang on the surface of the resist edges. T w o suc h tec hniques
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are c hlorob enzene soaks (photolithograph y) and bi-la y ers of resist (e-b eam)

Chlorob enzene Soak

After the photoresist is spun on, the sample is bak ed in the 90

o

C o v en for

15 min utes. Once remo v ed, it is placed in a solution of c hlorob enzene for 15

min utes. This soaking pro cess hardens the surface skin of the resist, reducing

the dissolution of this top la y er, causing a pronounced o v erhang in the resist

(Fig 2.7). The sample is then bak ed for a further 15 min utes and dev elop ed

for 1

1

2

times the usual dev eloping time.

Figure 2.7: E�ects of a c hlorob enzene soak on the resist pro�le [14]

Bi-la y er resists

T w o la y ers of resist with v arying molecular w eigh ts can b e used to create an

o v erhanging shap e (Fig 2.8). A la y er of high molecular w eigh t resist is spun

on top of a la y er of lo w molecular w eigh t resist. The higher molecular w eigh t

resist on top has few er molecules in its resist la y er.
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Cleaned substrate 




Spin on lmw resist




Spin on hmw resistDevelop

Figure 2.8: E�ects of a bi-la y er resist on the pro�le

2.4 Etc hing

In man y cases, it is desirable to pattern de�ned shap es not only on the surface

but also in to the bulk of a material. The abilit y to create 3D structures suc h

as c hannels and vias in a material can ha v e applications ranging from pixel

detectors with p-n junctions, where isolated pillars of p or n-t yp e material

ma y b e fabricated, to micro�uidic devices, where c hannels are made to p ermit

the mo v emen t of precisely calibrated v olumes of �uids in a silicon substrate.

The etc hing of a substrate can b e p erformed using liquid c hemicals (w et-

etc hing) [16 ] or b y using plasmas (dry etc hing), whic h remo v e areas of a

substrate via c hemical and/or ph ysical (sputtering) in teractions. F or dry

etc hing, the etc h rate is less susceptible to c hange from small v ariations in

the w afer temp erature than for w et etc hing. The dry etc hes are also more

anisotropic (Fig 2.9) and pro duce less c hemical w aste. F or these reasons, dry

etc hing w as the principal tec hnique used in this w ork.
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MASK
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SUBSTRATE

ETCHING FLUID

MASK

ETCHED LAYER

SUBSTRATE

PLASMA

 FLUX OF 

  ACTIVE

 SPECIES

Figure 2.9: Examples of the etc h e�ects of w et and dry etc hing tec hniques

2.4.1 Dry Etc hing

Dry etc hing in v olv es the use of plasmas to remo v e unmask ed p ortions of a

substrate, lea ving the mask and areas under the mask un touc hed. A plasma

is de�ned as a partially ionized gas, where a small fraction of the gas con tains

disso ciated atoms or molecular fragmen ts called radicals, or ions in the form

of c harged atoms or molecules. It is these ion sp ecies that p erform the

remo v al of the etc h la y er either through sputtering or, along with the radicals,

through c hemical reactions. The pro cesses whic h can o ccur in the most

common metho d of plasma generation -DC glo w disc harge -, are sho wn in

T able 2.4. T ypically , radicals and c harged sp ecies accoun t for 1% and 0.01%

of the total plasma, resp ectiv ely [17].

Plasma Generation

A plasma can b e generated when a DC bias is applied b et w een t w o electro des

in the presence of a gas at lo w pressure (Fig 2.10). The conduction pro cess

is dep ends on the presence of ions. As the bias is increased, sev eral di�er-

en t curren t-v oltage regimes are seen (Fig 2.11) indicating di�eren t pro cesses
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Name Reaction
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A + + e + e
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�
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+

+ e + e

A tomic Excitation e

�

+ A

*

)
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�

+ e

Molecular Excitation e

�

+ AB

*

)
AB

�

+ e

T able 2.4: Pro cesses o ccurring in a glo w disc harge (* and + indicate energetic

and c harged atoms/molecules, resp ectiv ely)

PUMP

CBlocking

GAS

INLET

CHAMBER

HIGH

VOLTAGE

SOURCE

DC POWER

SUPPLY

Vp

Figure 2.10: Sc hematic structure of a DC plasma

o ccurring b et w een the electro des and the gas.

Natural ionisation caused b y cosmic ra ys and bac kground radiation cre-

ates a min ute curren t when a small electric �eld is created across the elec-

tro de. This region is kno wn as the bac kground ionisation. As the v oltage

is increased the curren t increases steadily un til saturation o ccurs. A t this

p oin t, the electric �eld cannot create an y new ionisation in the gas.

Bey ond this regime, (T o wnsend regime) pro duction of secondary electrons

o ccurs via collisions, along with the emission of secondary electrons from
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Figure 2.11: V arying curren t v oltage regimes for DC disc harging [17]

ions striking the catho de surface. These t w o pro cesses lead to an exp onen tial

increase in the curren t lev els, rising up un til the breakdo wn v oltage is reac hed.

A t this stage, electrons ( < 15 eV ) b egin to in teract inelastically with the

atoms in the gas, exciting core electrons to a higher energy state. After a

short time, de-excitation o ccurs along with the emission of energy in the

visible sp ectrum. This ligh t emission is kno wn as a glo w disc harge.

There are areas b et w een the catho de and ano de for whic h no ligh t emis-

sion o ccurs. These are kno wn as dark space regions, as illustrated in Fig

2.12. A t the catho de, the electrons ha v e to o lo w an energy to create optical

Cathode Anode

Crooke's Dark Space

Faraday Dark Space

Anode Dark Space

Figure 2.12: The dark space regions of a DC plasma
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emission. This area is kno wn as Cro ok e's dark space. The F arada y dark

space o ccurs as the electrons ha v e b een accelerated a w a y from the catho de,

consequen tly to o few electrons are left able to cause optical emission. Finally ,

as the ano de acts as a sink for the electrons, there is to o small a densit y of

electrons in the vicinit y of the ano de to p ermit emission. This results in the

Ano de dark space.

Due to the Cro ok e's dark space, ions that drift and di�use to the edge

of this region are accelerated to the catho de. By placing substrates on the

catho de, w e can use ion b om bardmen t to encourage sputtering and c hemical

reactions with the substrate surface. T o prev en t a c harge build-up on the

surface of the substrate, etc hing to ols driv e the plasma using an A C signal

instead of a DC signal (Fig 2.13). The v arying electric �eld is in the RF

(radio frequency) range and is set at a standard frequency of 13.65MHz.

RF power 

Supply

CBlocking

Zsub

+

V

-

Figure 2.13: Sc hematic structure of a RF plasma

A t lo w frequencies, the plasma and the width of the dark spaces pulsate
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in time with the applied signal. Ho w ev er, when the frequency is greater than

10kHz, the ions are to o hea vy and therefore to o slo w to b e able to follo w

the c hanges in v oltage. The electrons are mobile enough to oscillate b et w een

the electro des, giving eac h a negativ e c harge after striking the surface. This

results in a dark space at eac h electro de, and a v oltage drop b et w een the

plasma and eac h electro de. The p oten tial drops for a parallel plate reactor

are related b y

V

1

V

2

=

�

A

2

A

1

�

q

(2.4)

where V is the the p oten tial b et w een the plate and the plasma, A is the area

of the plate and the exp onen t q ranges from 1 to 2.5. The most common RF

plasma reactor for applications suc h as RIE (reactiv e ion etc hing) uses suc h

a parallel plate con�guration, but with one larger electro de grounded. Using

a smaller catho de increases the p oten tial drop to the catho de.

Chemistry of a plasma etc h

A range of gases can b e used in RIE for etc hing of substrates. The gas used

to etc h silicon in this w ork w as S F

6

. The c hemistry of the etc hing is highly

complex and is not completely understo o d [18], but the general pro cesses

in v olv ed in the etc h can b e describ ed as follo ws:

The formation of ion and radical sp ecies b y electron impact disso ciation

is sho wn b y

S F

6

+ e

�

= > S

x

F

+

y

+ S

x

F

�

y

+ F

�

+ e

�

(2.5)

O

2

+ e

�

= > O

+

+ O

�

+ e

�

(2.6)

The o xygen reacts with the surface of the silicon forming an o xide la y er
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O

�

+ S i ( s ) = > S i ( s ) � n 0 = > S iO

n

( sf ) (2.7)

where (s) and (sf ) are surface and surface �lm resp ectiv ely , and where �

indicates a c hemical b ond. This la y er is remo v ed b y the plasma prior to the

etc hing b y the �uorine radical.

S iO

n

( sf ) + F

�

= > S iO

n

( sf ) � F (2.8)

S iO

n

( sf ) � nF = > I on E ner g y = > S iF

x

( ads ) + S iO

x

F

y

( ads ) (2.9)

The F is adsorb ed on to the surface and remo v ed b y ion b om bardmen t. Fi-

nally , the F is able to etc h the Si through adsorption, follo w ed b y pro duct

formation then desorption as a gas

S i + F

�

= > S i � nF (2.10)

S i � nF = > I on E ner g y = > S iF

x

( ads ) (2.11)

S iF

x

( ads ) = > S iF

x

( g ) (2.12)

Etc h e�ects

Along with the c hosen gas, v arying parameters suc h as the pro cess p o w er,

pressure and gas �o w rates can alter the p erformance of a dry etc h. The

qualit y of the �nished etc hed substrate is usually compared in the follo wing

categories [19 ]:
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� Etc h rate - The v elo cit y at whic h the etc hed la y er will b e remo v ed in

the v ertical direction b elo w the mask

� Selectivit y - The ratio of etc hed material to etc hed mask

� Uniformit y - A measure of ho w uniform the �ux of activ e sp ecies is on

the surface of the w afer

� Directionalit y - The abilit y of the pro cess to etc h only the areas to b e

etc hed, and not the mask or areas under the mask

The e�ect of v arying parameters on the etc h qualit y will b e sho wn in

more detail in Chapter 7.

2.4.2 Inductiv ely Coupled Plasma

A v ariation of the standard RIE is to increase the densit y of ion sp ecies b y

using a HDP - high densit y plasma - source. One suc h con�guration is the

Inductiv ely Coupled Plasma (ICP) system (Fig 2.14), where the RF p o w er is

coupled to a plasma through an oscillating magnetic �eld (inductiv e coupling)

instead of an oscillating electric �eld (capacitiv e coupling) [19 ].

The op erating p o w er lev els of an ICP system are up to 2 k W instead

of the few h undred W atts as is standard for capacitiv ely coupled (CC) RF

systems. This results in higher plasma densities of up to 10

18

electrons m

� 3

.

The ICP is op erated at a pressure of 1-20 mT orr, far lo w er than that for CC

systems. This is desirable for b oth etc hing and dep osition applications, as

the mean free path is increased and little scattering of ions or activ e sp ecies

o ccurs b efore hitting the w afer. Higher densities also mean higher �uxes of

ion and activ e sp ecies, whic h in turn increases etc h rates.
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Figure 2.14: Sc hematic diagram of an inductiv ely coupled plasma (ICP)

mac hine [20]

AS E

T M

Pro cess

An ICP can b e used for adv anced silicon etc hing ( AS E

T M

) tec hniques [20 ,

21, 22, 12]. This pro cess switc hes b et w een p erio ds of passiv ation and etc hing

pro cesses ( C

4

F

8

and SF

6

resp ectiv ely). In the passiv ation step, a thin la y er

is dep osited on the surface and sidew alls. In the follo wing etc h pro cess, the

passiv ation is remo v ed from the b ottom of the holes with the aid of ion

energy . As the lateral etc h rate is m uc h slo w er than the v ertical etc h rate,

high asp ect ratios (around 13:1) and w ell-de�ned holes (with minimal etc h

damage) can b e ac hiev ed.

C F
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+ e
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= > C F

+

x
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�

x

+ F
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�
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nC F

2

( f ) + F

�

= > I on E ner g y = > C F

x

( ads ) = > C F

x

( g ) (2.15)

The use of the AS E

T M

pro cess for the pro duction of Si devices is sho wn

in c hapter 7, as w ell as the use of parameter ramping - the v ariation of p o w ers

and pressures through the course of an etc h - to enhance the upp er asp ect

ratio of holes in Si.



Chapter 3

Detector theory

3.1 In tro duction

T o understand the use of GaN as b oth a UV and particle detector, a review

of detector theory is presen ted in this c hapter. The concepts of semiconduc-

tor crystal structure, carrier transp ort and metal-semiconductor con tacts are

outlined, with an emphasis placed on the theory of Sc hottky barriers. This

t yp e of op eration of semiconductors is imp ortan t when using wide band-gap

materials, due to the extreme di�cult y in fabricating p-n junctions in suc h

materials. Also co v ered are the w a ys in whic h v arious t yp es of ionising radi-

ation create c harge (signal) in detector material. In this c hapter, images and

information ha v e b een tak en from the follo wing b o oks: "Ph ysics of semicon-

ductor devices" b y Sze [23 ], "Metal Semiconductor Con tacts" b y Rho deric k

[24] and "Radiation Detection and Measuremen t" b y Knoll [25].

3.2 Solid State Theory

3.2.1 Crystal Structure

The constituen t atoms of a semiconductor are arranged in a 3 dimensional

p erio dic structure. This structure is referred to as a lattice, where a lattice

51
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is de�ned as b eing an in�nite arra y of p oin ts in space arranged so that ev ery

lattice p oin t has iden tical surroundings. F or ev ery semiconductor there is a

unit cell whic h, when rep eated, generates the lattice. Sho wn in Fig. 3.1 are

three examples of suc h unit cells; the simple cubic, the b o dy cen tred cubic,

and the face cen tred cubic.

Figure 3.1: Examples of the (a) - simple cubic, (b) - b o dy-cen tred cubic and

(c) - face-cen tred cubic lattice structures [23 ]

A simple cubic lattice consists of an atom at the 8 corners of a cub e

eac h separated b y a distance a , kno wn as the lattice constan t. F or the b o dy

cen tred cubic, a similar structure is found, with the addition of an atom at

the cen tre of the cub e. Finally for the fcc, an atom is situated at the cen tre

of eac h of the six faces of the cubic lattice, as w ell as one in eac h of the

eigh t corners. These lattices ha v e atoms with 6, 8 and 12 nearest neigh b ours

resp ectiv ely .

Semiconductors, suc h as Si, GaAs and GaN ha v e more complex crys-

tal structures (Fig 3.2). Silicon has a unit cell (with lattice constan t a =

0 : 543 nm) whic h deriv es from the cubic-crystal family , with a diamond lattice

structure. This can b e visualised as t w o in ter-p enetrating fcc sub-lattices,

with one sub-lattice displaced b y

1

4

of the distance along a diagonal of the

cub e. F or silicon, eac h atom in the unit cell is of the same t yp e. F or man y
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comp ound semiconductors the structure is iden tical, apart from eac h fcc sub-

lattice constituting a di�eren t t yp e of atom. This t yp e of unit cell is called

zinc blende. W urtzite is the hexagonal close pac king analogue of zinc-blende

structures (whic h is cubic close pac king) and is the most common structure

for GaN (Fig 3.3). The lattice constan ts for wurtzite GaN are a = 0 : 319 nm

and c = 0 : 5165 nm.

Figure 3.2: Examples of the (a) - diamond and (b) - zincblende lattice [23]

Figure 3.3: Examples of the planar views of (left) zinc-blende and (righ t)

wurtzite structures [26]

Semiconductors can b e classed in to t w o t yp es: elemen tal and comp ound.

Elemen tal semiconductors are made of crystals deriving from one t yp e of

atom eg Si, Ge. Comp ound semiconductors are made up of more than one

t yp e of atom, suc h as GaN or InP . These comp ound semiconductors b elong
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to the I I I-V group of semiconductors. This is b ecause the �rst and second

elemen ts can b e found in group I I I and group V of the p erio dic table resp ec-

tiv ely .

In comp ound semiconductors, the di�erence in electro-negativit y leads to

a com bination of co v alen t and ionic b onding, whereas for elemen tal semi-

conductors the b onding is completely co v alen t. T ernary semiconductors are

formed b y the addition of a small quan tit y of a third elemen t to the material,

for example

Al

x

Ga

1 � x

N (3.1)

The subscript x refers to the p ercen tage of the elemen t con tained in the

material.

3.2.2 Energy Bands

The electrons in an isolated atom are arranged in to discrete energy lev els.

An example of this can b e seen for the h ydrogen atom, describ ed b y Bohr's

mo del:

E

H

=

m

0

q

4

8 "

2

0

h

2

n

2

=

� 13 : 6

n

2

eV (3.2)

where m

0

is the mass of an electron at rest, "

0

is the p ermittivit y of

free space, h is Planc k's constan t and q is the electron c harge. F or the

ground state (where the principle quan tum n um b er is n = 1) the electron

will o ccup y the energy lev el, E = � 13 : 6 eV . This c hanges when t w o atoms of

the same t yp e are not far apart. In this case for eac h n v alue there is a doubly

degenerate lev el, con taining electrons with di�eren t spin states. This is due

to P auli's exclusion principle for fermions. As the atoms b ecome closer, the

energy lev els for eac h n v alue will split in to t w o.
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When N atoms of the same t yp e are brough t together, the lev els split

in to a seemingly con tin uous band of energies, consisting of N separate but

extremely close lev els. When the spacing decreases to the order of the lattice

constan t of the crystal, the energy band splits in to t w o, forming a gap in the

allo w able energy of the electrons (Fig 3.4). This gap is kno wn as the forbidden

gap or bandgap. The band ab o v e is kno wn as the conduction band, while

the band b elo w is kno wn as the v alence band. The width of the band gap

determines if the material is a conductor, insulator or semiconductor.

Figure 3.4: Energy bands for insulators, semiconductors and conductors [23 ]

In an insulator, the v alence band is full and the conduction band is com-

pletely empt y . The bandgap is so large that at ro om temp erature, no applied

electric �eld is able to raise electrons from the v alence band to the conduction

band. In a conductor, the conduction band is either partially �lled, or the

v alence and conduction bands o v erlap, resulting in the absence of a bandgap.

Electrons can then b e raised from the v alence band to the conduction band,

gaining kinetic energy and hence able to conduct electricit y .

F or a semiconductor, thermal vibrations are enough to break the co v alen t
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b onds of the electrons to the atoms. When a break o ccurs, an electron is

freed and a hole is created. A hole is analogous to an electron in ev ery w a y

apart from its p ositiv e c harge. This means that holes can b e in�uenced b y

an electric �eld, but will tra v el in the opp osite direction to an electron.

3.2.3 Carrier T ransp ort Phenomena

T o use semiconducting materials as detectors, w e m ust b e able to collect

electrons and holes created b y the ionising e�ects of inciden t radiation. W e

can predict the mo v emen t of these carriers b y studying ho w they are a�ected

b y large concen tration gradien ts (di�usion) and b y applied electric �elds

(drift).

Di�usion

The thermal energy of an electron can b e deriv ed from the theorem for

equipartition of energy . The theorem states that a free particle will ha v e

1

2

k T units of energy p er degree of freedom, where k denotes Boltzmann's

constan t and T the temp erature. Therefore the kinetic energy of an electron

mo ving in 3-D space is giv en b y

1

2

m

n

v

2

th

=

3

2

k T (3.3)

where m

n

is the e�ectiv e mass of electrons and v

th

is the a v erage thermal

v elo cit y . The electrons will b e scattered b y scattering cen tres suc h as lattice

atoms, and consequen tly mo v e in random directions, resulting in zero net

displacemen t for eac h electron o v er a suitably long p erio d. W e denote the

a v erage time b et w een collisions as the mean free time, �

c

. The mean free

path (the a v erage distance b et w een collisions) can then b e describ ed as
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l = v

th

�

c

(3.4)

Ho w ev er, if there is a high concen tration of carriers, then these carriers

will tend to mo v e from an area of high concen tration to an area of lo w

concen tration, resulting in a di�usion curren t. F or a simple mo del, w e tak e

a 1D semiconductor of length x = 2 l , with x = 0 p ositioned at the midp oin t.

On a v erage, half of the carriers to the left of the zero will pass through zero

after one mean free time, and half of the carriers on the righ t of the zero will

pass through zero within the same p erio d of time. The net �ux of carriers

from left to righ t is then giv en b y

F =

1

2

v

th

[ n ( � l ) � n ( l )] (3.5)

T aking the �rst t w o expressions from the T a ylor series expression of this �ux

giv es us [23]

F = � v

th

l

dn

dx

(3.6)

W e de�ne the di�usivit y as

D = � v

th

l (3.7)

The di�usion curren t is therefore de�ned as

J

n

= � q F = q D

dn

dx

(3.8)

Drift

An electron in a semiconductor can b e a�ected b y an electric �eld, E , so

that the electron b egins to accelerate in a direction opp osite to that of the

electric �eld, exp eriencing a force, E q . The v elo cit y at whic h the electron

mo v es when under the in�uence of an electric �eld is called the drift v elo cit y ,
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v

d

. The electron will retain this v elo cit y un til it ev en tually collides with

something, suc h as a lattice atom or an impurit y atom. The drift v elo cit y

can b e calculated b y equating the momen tum gained b y an electron ( m

n

v

n

)

with the momen tum applied to the electron b et w een collisions ( � q E �

c

). ie

m

n

v

n

= � E q �

c

(3.9)

Equation 3.9 can b e simpli�ed to giv e

v

n

= �

q �

c

m

n

E = � �

n

E (3.10)

giving

�

n

=

q �

c

m

n

(3.11)

where �

n

is the electron mobilit y . Using equation 3.7 and equation 3.11

D

n

=

k T

q

�

n

(3.12)

Equation 3.12 is kno wn as the Einstein Relation, and it relates mobilit y

to di�usivit y . �

n

is a�ected b y temp erature. Increasing the temp erature can

decrease the mobilit y , as the increase in lattice vibrations reduces the mean

free time of the carriers. Ho w ev er, the mobilit y can also increase with tem-

p erature as impurit y cen tres within a semiconductor ha v e a reduced e�ect.

Listed in T able 3.1 are v alues for �

n

for v arious semiconductors, along with

other imp ortan t electronic prop erties.

The saturation v elo cit y v

s

describ es the maxim um v elo cit y with whic h an

electron tra v els through a semiconductor. v

s

is reac hed when the relationship

b et w een v

d

and E is no longer linear, the drift v elo cit y b egins to plateau at

su�cien tly large �elds due to enhanced phonon emission. If detectors made

from semiconductors are op erated at a high enough bias, the collection time

for the carriers can b e in the order of nanoseconds.
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Prop ert y Si GaAs 4H-SiC GaN

Bandgap E

g

(e V) 1.12 1.42 3.25 3.4

Breakdo wn Field E

B

( M V cm

� 1

) 0.25 0.4 3.0 4.0

Electron Mobilit y � ( cm

2

V

� 1

s

� 1

) 1350 6000 800 1300

Hole Mobilit y � ( cm

2

V

� 1

s

� 1

) 450 400 120 30

Saturation V elo cit y v

s

( 10

7

cms

� 1

) 1.0 2.0 2.0 3.0

Di�usivit y D

n

( V scm

� 2

) 34.97 155.4 20.72 33.67

T able 3.1: Electronic prop erties for selected semiconductors

3.3 Metal Semiconductor Con tacts

Electron-hole pairs created b y ionising radiation ha v e to b e collected at elec-

tro des, to b e passed on to read-out electronics. These electro des can b e

made using metals whic h form either Ohmic or Sc hottky con tacts. The p er-

formance of these metal semiconductor junctions dep ends on parameters of

b oth materials. The most imp ortan t parameters are describ ed b elo w.

The w ork function of a metal, �

m

, is describ ed as the amoun t of energy

it tak es to raise an electron from the F ermi lev el, E

F

, to the v acuum lev el,

or equiv alen tly , to a state outside the surface of the metal. E

F

is the energy

lev el at whic h the probabilit y of an electron residing at that energy is exactly

1

2

. This deriv es from the F ermi-Dirac distribution

F ( E ) =

1

1 + e

E � E

F

k T

(3.13)

where F ( E ) is the probabilit y of o ccupation of an electron at an energy

lev el E. The equiv alen t w ork function for a semiconductor is �

s

It is the

energy tak en to raise an electron from E

F

to the v acuum lev el. Another

imp ortan t parameter for semiconductors is the electron a�nit y , �

s

, whic h is

the di�erence in energy b et w een an electron at the conduction band, E

c

, and
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the v acuum lev el ( q V

n

is the energy tak en to raise an electron from the F ermi

lev el to the conduction band). These de�nitions giv e us

q �

m

= q ( �

s

+ V

n

) (3.14)

and can b e seen in Fig 3.5.

3.3.1 Sc hottky Barriers

As stated earlier, one of the most common uses for metals on semiconductors

are for Ohmic or Sc hottky con tacts. An Ohmic con tact is one with a v ery

lo w resistance, allo wing the p oten tial di�erence across the con tact to b e pro-

p ortional to the curren t �o wing through it. If only ohmic con tacts are used,

then the leak age curren t is so large that it mak es it imp ossible to extract the

signal from the noise due to the leak age curren t. F or this reason, rectifying

con tacts are used. These can b e made using p-n junctions, or Sc hottky con-

tacts. Due to the di�cult y in creating p-t yp e regions in n-t yp e substrates,

Sc hottky con tacts are used for the creation of rectifying con tacts on GaN.

Figure 3.5: The formation of a Sc hottky Barrier [23]

The Sc hottky barrier is caused b y a p oten tial arising from the w ork func-

tions of the materials. Fig 3.5 sho ws what happ ens to the energy lev els when
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a metal is brough t to w ards a semiconductor. A t the far left, the materials are

not in con tact and therefore not in thermal equilibrium. When the materials

are connected b y a thin wire of length, � , the F ermi lev els for eac h material

b egin to adjust to b e the same. In an n-t yp e semiconductor where

�

m

> �

s

(3.15)

realignmen t is caused b y electrons �o wing from the semiconductor to the

metal. This causes a negativ e c harge to b e presen t at the metal surface, and

a p ositiv e c harge in the semiconductor. This p ositiv e c harge arises from the

uncomp ensated p ositiv e donor ions in a region depleted of electrons. As the

concen tration of donors is m uc h less than the concen tration of electrons, n,

these p ositiv e donor ions o ccup y a la y er of semiconductor. This is referred

to as the depletion la y er, and is of a thic kness W . This la y er causes E

c

and

E

v

to b end. When � starts to b ecome in�nitesimally small as sho wn at the

far righ t of the diagram, an in timate Sc hottky con tact is formed.

A t this p oin t, there exists at zero bias a built-in p oten tial of q V

bi

. The

heigh t of the Sc hottky barrier formed on an n-t yp e semiconductor is giv en

b y

q �

bn

= q ( �

m

� �

s

) (3.16)

F or a p-t yp e semiconductor, w e ha v e

q �

bp

= E

g

� q ( �

m

� �

s

) (3.17)

The bandgap of a semiconducting material is equal to the sum of the barrier

heigh ts on n-t yp e and p-t yp e substrates

q ( �

bp

+ �

bn

) = E

g

(3.18)
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Equation 3.16 sho ws that c ho osing di�eren t metals with di�eren t v alues of

�

m

leads to v arying Sc hottky barrier heigh ts. A range of �

m

and resultan t

Sc hottky barrier heigh ts on GaN are sho wn in T able 3.2. The ab o v e argumen t

Metal �

m

(e V) �

bn

(e V)

Cs 2.14 -1.96

In 4.12 -0.02

Au 5.1 1

Pd 5.12 1.02

Ni 5.15 1.05

T able 3.2: W ork function and resultan t Sc hottky barrier heigh ts on GaN

( � = 4 : 1 eV ) for selected metals [24]

assumes a simple single surface state. Non-in timate con tacts result in barrier

heigh ts de�ned b y surface states rather than the w ork function. The band

Figure 3.6: The e�ect of an applied bias on Sc hottky barriers on n and p-t yp e

material [13]

structure of a metal-semiconductor con tact can b e altered b y applying an
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external bias. The e�ect of this is sho wn in Fig 3.6. The size of W , the

depletion width can b e expressed as

W =

s

2 �

S

q N

D

( V

bi

� V ) (3.19)

where V is the applied external bias. This equation is based on the abrupt

appro ximation (whic h is the case for a Sc hottky barrier), where � = q N

D

for

x < W , and � = 0 and

dV

dx

= 0 for x > W . The resulting capacitance p er

unit area of the depletion region is giv en b y

C =

s

q �

s

N

D

2( V

bi

� V )

=

�

S

W

(3.20)

Plotting a graph of 1 =C

2

vs V , w e can extract N

D

from the gradien t of the line

and V

bi

as the in tercept on the x-axis (assuming N

D

is constan t throughout

the depletion region).

3.3.2 Sc hottky E�ect

Figure 3.7: The energy band diagram for a metal-v acuum in terface [23 ]

The Sc hottky e�ect describ es the the image force b et w een the electron and

the surface of the metal. Considering the metal-v acuum case, the minim um



Detector theory 64

energy needed to remo v e an electron from the surface of a metal is the w ork

function, �

m

(Fig 3.7). When an electron (with a c harge � q ) is a distance

x a w a y from the metal surface, w e can describ e this as b eing equiv alen t to a

p ositiv e c harge, q, lo cated at � x , with resp ect to the metal (Fig 3.8). The

attractiv e force b et w een eac h c harge and the metal surface is the same, and

for the p ositiv e c harge q, the attractiv e (or image) force felt is giv en b y

Figure 3.8: (a) - Field lines and surface c harges due to an electron in close

pro ximit y to a p erfect conductor and (b) - the �eld lines and image c harge

of an electron [27]

F =

q

2

4 � "

o

(2 x )

2

=

q

2

16 � "

o

x

2

(3.21)

This force giv es the c harge an energy

E

P

=

Z

x

1

F ( x ) dx =

q

2

16 � "

o

x

(3.22)

With an applied external �eld, � , the total p oten tial energy is then giv en b y

E

P

T

( x ) =

q

2

16 � "

o

x

+ q � x (3.23)
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The maxim um lo w ering x

m

, is giv en when dE

P

T

=dx = 0 , so eqn (3.23) sim-

pli�es to

q

2

16 � "

0

x

2

m

= � q (3.24)

F or the semiconductor/v acuum system, w e replace "

o

with "

s

, the p ermittiv-

it y of the semiconductor, giving

x

m

=

s

q

16 � "

s

�

(3.25)

The e�ect of this image force is that the barrier that an electron has to

surmoun t from a metal to a semiconductor is lo w ered b y an amoun t, � � ,

whic h is giv en b y

� � =

s

q �

4 � "

0

= 2 � x

m

(3.26)

The lo cation and magnitude of the reduced barrier heigh t can b e seen in Fig

3.9.

Figure 3.9: The energy band diagram for a metal-v acuum in terface with the

Sc hottky e�ect for n-t yp e semiconductors [23 ]
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3.3.3 Curren t T ransp ort Pro cesses

Figure 3.10: Sc hematic diagram indicating the main curren t transp ort pro-

cesses in a semiconductor [13 ]

The curren t across a metal-semiconductor junction is mainly due to ma-

jorit y carriers. Three distinctly di�eren t mec hanisms exist (Fig 3.10):

1. The transp ort of electrons o v er the p oten tial barrier in to the metal.

This is done either b y di�usion of carriers from the semiconductor in to

the metal, or thermionic emission of carriers across the Sc hottky barrier

2. Quan tum-mec hanical tunnelling through the barrier, where the w a v e-

nature of the electrons is tak en in to accoun t, allo wing them to p enetrate

through thin barriers.

3. Recom bination of c harges in the space c harge region

F or a giv en junction, a com bination of all three mec hanisms could ex-

ist. Ho w ev er, t ypically one �nds that only one limits the curren t, making
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it the dominan t curren t mec hanism. F or Sc hottky dio des op erated at ro om

temp erature, the dominan t mec hanisms are thermionic emission and di�u-

sion. Curren t v oltage c haracteristics for Sc hottky dio des can b e estimated

b y com bining thermionic emission theory and di�usion theory . The di�u-

sion of carriers is con trolled b y the region through whic h they di�use. This

can b e seen in Fig 3.9 where the electron p oten tial energy is plotted against

distance, taking in to accoun t the Sc hottky e�ect for a metal semiconductor

barrier. The smo othing of the top of the curv e is due to the electric �eld

caused b y the ionised carriers and the p oten tial of the electrons as they near

the metal surface.

The complete expression for curren t transp ort describ ed b y the thermionic-

di�usion theory is [23]

J = J

S

�

exp

q V

k T

� 1

�

(3.27)

where

J

S

= A

��

T

2

exp

 

� q �

B n

k T

!

(3.28)

J is the curren t densit y ( Acm

� 2

), J

S

is the saturation curren t densit y and

A

��

is the e�ectiv e Ric hardson's constan t. F rom this relationship, w e can

calculate the barrier heigh t from curren t-v oltage measuremen ts using

�

B n

=

k T

q

ln

J

s

A

��

T

2

(3.29)

3.4 Radiation Detection

The basic principle of op eration for semiconducting radiation detectors is

that inciden t radiation loses energy as it passes through the detector. The

n um b er of electron-hole pairs that are created in the detector is prop ortional

to the energy dep osited in the detector. Using Ramo's Theorem [28 ], c harge
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is then induced at the electro des from the mo v emen t of these created carriers

under an applied electric �eld, with the induced c harge b eing prop ortional

to the distance the carriers tra v el normalised to the detector thic kness.

Ho w ev er, the w a y in whic h energy loss o ccurs is strongly dep enden t on

the t yp e and energy of the inciden t radiation. The follo wing section describ es

ho w hea vy c harged particles, fast electrons, neutrons and photons lose their

energy .

3.4.1 Hea vy Charged P articles

F or hea vy c harged particles suc h as alpha particles, energy loss o ccurs through

Coulom b in teractions with the orbital electrons in the absorb er material and

the c harge of the inciden t particles (for radiation detectors w e ignore alterna-

tiv e n uclear in teraction ev en ts suc h as Rutherford scattering). On en tering

the absorb er material, the c harged particle in teracts sim ultaneously with

man y electrons, either b y excitation (raising an electron to a higher shell

within the absorb er atom), or ionisation (completely remo ving an electron

from the absorb er atom). Eac h time an in teraction o ccurs, the c harged parti-

cle loses energy , and consequen tly loses v elo cit y . This pro cess con tin ues un til

the particle is stopp ed.

The sp eci�c energy loss of a c harged particle, S , is de�ned as

S = �

dE

dx

(3.30)

This is also referred to as the limiting stopping p o w er. F or fast particles, the

Bethe-Blo c h form ula [25 ] giv es the energy loss for a kno wn c harge state and

v elo cit y as

�

dE

dx

=

4 � e

4

z

2

m

0

v

2

N B (3.31)



Detector theory 69

where

B = Z

"

ln

2 m

0

v

2

I

� ln (1 �

v

2

c

2

) �

v

2

c

2

#

(3.32)

v and z e are the v elo cit y and c harge of the inciden t particle, N and Z

are the n um b er densit y and atomic n um b er of the absorb er atoms, m

0

is

the electron rest mass and e is the electronic c harge. I is an exp erimen tally

determined parameter accoun ting for the a v erage excitation and ionisation

p oten tial of the absorb er. Only the �rst term in equation 3.31 is signi�can t

for non-relativistic particles.

F rom equation 3.31 w e note that energy loss for fast particles is prop or-

tional to 1 =v

2

. The slo w er an inciden t particle is, the greater time it sp ends

near electrons in the absorb er, and consequen tly the Coulom b and therefore

energy transfer is large. W e can also see from equation 3.31 that energy loss

is also prop ortional to z

2

. This means the more c harge an inciden t particle

has, the greater the energy loss.

The sp eci�c energy loss of c harged particles can b e plotted against the

distance the particle p enetrates in to the absorb er. This is kno wn as a Bragg

curv e. The Bragg curv e for a 5.48 Me V � particle in GaN is sho wn in Fig

3.11. The range of suc h a particle in GaN w as calculated using the SRIM

pac k age [29]

3.4.2 F ast Electrons

F or fast electrons, energy loss in an absorb er o ccurs at a slo w er rate relativ e to

hea vy c harged particles. In addition, as electrons are of the same size as the

electrons in the absorb er, large deviations can o ccur in collisions. Electron

n uclear in teractions can also o ccur, also signi�can tly c hanging the particle's

path. These e�ects result in a mo di�ed v ersion of the Bethe-Blo c h equation
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Figure 3.11: The sp eci�c energy loss of a 5.48Me V � particle in GaN

[25]

�

 

dE

dx

!

c

=

2 � e

4

N Z

m

0

v

2

A (3.33)

where

A =

"

ln

m

0

v

2

E

2 I

2

(1 � �

2

)

� (ln 2)

�

2

q

1 � �

2

� 1 + �

2

�

+ (1 � �

2

) +

1

8

�

1 �

q

1 � �

2

�

2

#

(3.34)

and � = v =c .

As w ell as these collisional in teractions, energy loss can o ccur through

radiativ e pro cesses suc h as bremsstrahlung, in whic h X-ra ys are released when

the electron decelerates suddenly . The sp eci�c energy loss due to radiativ e

pro cesses is giv en b y [25]

�

 

dE

dx

!

r

=

N E Z ( Z + 1) e

4

137 m

0

c

4

�

4 l n

2 E

m

0

c

2

�

4

3

�

(3.35)

The total linear stopping p o w er for electrons is therefore

 

dE

dx

!

=

 

dE

dx

!

c

+

 

dE

dx

!

r

(3.36)

with the ratio of sp eci�c energy losses giv en as

( dE =dx )

r

( dE =dx )

c

�

E Z

700

(3.37)
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Radiativ e pro cesses tend to dominate when the energy of the electron is

greater than � 10 M eV .

3.4.3 Neutrons

As with photons, neutrons carry no c harge and therefore do not undergo

Coulom b in teractions with the absorb er material. Consequen tly , inciden t

neutrons can often tra v el through cen timeters of material without in teract-

ing. On in teraction, a neutron is either altered in energy and direction, or

disapp ears and is replaced with the pro duct of secondary reactions. Ho w ev er,

unlik e photons, these in teractions often create hea vily c harged particles.

Neutron in teractions are either fast (high energy) or slo w (lo w energy)

neutron in teractions. Slo w neutron in teractions include elastic scattering

b et w een absorb er n uclei, in whic h relativ ely little energy is transferred in the

collisions, and inelastic n uclear reactions. The former t yp e of reaction is then

not useful for detecting slo w neutrons as little ionisation tak es place. The

high probabilit y of elastic scattering, ho w ev er, acts to reduce the inciden t

neutrons to thermal equilibrium with the absorb er.

The most e�cien t w a y to detect suc h neutrons is from the pro ducts

of secondary reactions from neutron-induced n uclear reactions. The (n,p),

(n,�ssion) and (n, � ) reactions pro duce secondary radiations in the form of

c harged particles whic h can b e detected. The (n, 
 ) in teraction can also o c-

cur, but is hard to measure due to the di�cult y in detecting the 
 emission.

F or fast neutrons, detection b ecomes harder with increasing energy lev-

els. Ho w ev er, the energy transferred on scattering is increased, creating the

secondary pro ducts kno wn as recoil n uclei, whic h receiv e energy from the

neutron collisions. If the energy of the neutron is high enough, inelastic scat-
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tering can o ccur, causing the recoil n uclei to b e raised to a higher excited

energy state. After a short time, the recoil n ucleus de-excites, and 
 ra ys

are released. The n ucleus loses a greater fraction of energy in this pro cess

than it w ould from an elastic collision and, consequen tly , suc h a reaction can

complicate the detection of fast neutrons.

Eac h energy v alue of neutrons has a corresp onding collision probabilit y

or cross-section, � , asso ciated with it. F or N n uclei p er unit v olume, the

macroscopic cross-section � is

� = N � (3.38)

and the reaction rate densit y (RRD) as

R R D = � ( r ; E )�( E ) dE (3.39)

where � ( r ) is the neutron �ux.

3.4.4 X-ra ys/ 
 -ra ys

There are three main pro cesses b y whic h a photon can in teract with an ab-

sorb er: photo electric absorption, Compton scattering or pair pro duction. All

three pro cesses allo w energy transfer from the photon to the absorbing mate-

rial. The t w o main c haracteristics of photon in teractions with an absorbing

material are that

� Due to their smaller in teraction cross-section, photons p enetrate m uc h

further in to a material than c harged particles do

� A photon b eam passing through a material undergo es a reduction in

in tensit y , but not in energy
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This second c haracteristic arises b ecause a photon is either remo v ed from

the b eam b y absorption (photo electric e�ect or pair pro duction), scatter-

ing (Compton), or it undergo es no in teractions and passes straigh t through

the material. Those that do pass straigh t through the material retain their

original energy . The atten uation that o ccurs for a b eam of photons passing

through a material is describ ed b y

I ( x ) = I

0

exp ( � �x ) (3.40)

where I

0

is the initial b eam in tensit y , x is the thic kness of the absorb er and

� is the absorption co e�cien t, whic h dep ends on the absorbing material and

is related to the total cross-section.

Photo electric E�ect

F or the photo electric e�ect, an inciden t photon disapp ears completely on

in teraction with an absorb er atom. A photo electron is freed from a b ound

state in the absorb er atom. The photo electron will ha v e an energy giv en b y

E = h� � E

b

(3.41)

where E

b

is the energy of the electron in its b ound state. The photo electric

e�ect is the dominan t in teraction pro cess for lo w energy 
 -ra ys and X-ra ys.

The probabilit y of photo electric in teraction also increases with the atomic

n um b er, Z, of the absorb er material as sho wn b y

� � const: �

Z

n

E

3 : 5




(3.42)

where 4 < n < 5 , dep ending on the photon energy .
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Figure 3.12: Compton scattering of a photon inciden t on a "free" electron

[13]

Compton E�ect

Compton scattering (Fig 3.12) o ccurs b et w een an inciden t photon and an

electron from an absorb er atom. On in teraction, the photon is scattered at

an angle � relativ e to its original direction. The electron whic h is struc k

b y the photon (kno wn as the recoil electron) gains energy from the collision

and it to o is scattered at an angle � . Solving sim ultaneous equations for the

conserv ation of energy and momen tum, the energy transfer and scattering

angle are related through

h�

0

=

h�

1 +

h�

m

0

c

2

(1 � cos� )

(3.43)

where m

0

c

2

is the rest mass energy of an electron (0.511 Me V). The proba-

bilit y of Compton scattering increases linearly with Z.

P air Pro duction

If an inciden t photon has an energy of at least 2 m

0

c

2

(1.022 Me V), it can b e

transformed in to an electron-p ositron pair. The pro duced p ositron ev en tu-
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ally slo ws do wn and annihilates, generating t w o bac k-to-bac k photons. As

pair pro duction dominates only at v ery high energies, the probabilit y of o c-

currence is v ery lo w. The relativ e imp ortance of these three pro cesses for a

range of photon energies can b e seen in Fig 3.13.

Figure 3.13: The relativ e imp ortance of the photo electric e�ect, Compton

scattering and pair pro duction o v er a range of energies [30]

The follo wing c hapters will no w sho w the exp erimen tal results for the

in teraction of protons and neutrons (Chapters 4 & 7) and 
 -ra ys and X-ra ys

(Chapters 4 & 6) with fabricated GaN and 3D Si detectors.



Chapter 4

GaN as a radiation hard detector

4.1 In tro duction

As stated previously , GaN is a solar blind material ( E

g

=3.42 e V), and con-

sequen tly it has a higher signal-to-noise ratio for UV than, for example,

silicon. This has led to its use in dev elopmen ts in tec hnologies suc h as lasers

and high-brigh tness ligh t emitting dio des in the blue and UV w a v elengths.

Ho w ev er, due to its high densit y (6.15 gcm

� 3

) and high threshold v oltage,

GaN is no w b eing recognised as a p ossible material on whic h to fabricate ion-

ising radiation detectors. This a v en ue of researc h is encouraged b y the desire

to in v estigate viable alternativ es to silicon as a radiation hard material, as

detailed b y the requiremen ts of an upgraded Large Hadron Collider at CERN

[31]. F or suc h an accelerator, detecting materials m ust b e able to op erate

after receiving an estimated 10 y ear �uence of up to 1 � 10

16

hadrons/cm

2

.

This w ork will detail the �rst results tak en on the v ariation of leak age curren t

and degradation of c harge collection e�ciency of GaN Sc hottky pad dio des

after irradiation with �uences of protons, neutrons and X-ra ys.

76
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4.2 Radiation Hard Materials

4.2.1 Radiation Damage

Radiation damage describ es the detrimen tal consequences of exp osure to

radiation. The sev erit y of the damage dep ends on suc h parameters as the

t yp e of inciden t particle (c harged or neutral) and its energy (Details for 1

Me V particles are giv en in T able 4.1). Generally , hea vier particles are slo w er,

stopp ed easily and dep osit almost all their energy in a short distance. F or

the same energy for electrons (1 Me V), the particle is already relativistic.

Characteristic Alpha Proton Beta ( � ) or Photon Neutron

(Radiation E=1Me V) ( � ) (p) Electron (e) ( 
 or X-ra y) (n)

Sym b ol

4

2

� or H e

2+ 1

1

p or H

1+ 0

� 1

e or �

0

0




1

0

n

Charge +2 +1 -1 neutral neutral

Ionisation Direct Direct Direct Indirect Indirect

Mass (am u) 4.00277 1.007276 0.000548 - 1.008665

V elo cit y (cm/sec) 6 : 944 � 10

8

1 : 38 � 10

9

2 : 82 � 10

10

2 : 998 � 10

10

1 : 33 � 10

9

� 2.3% 4.6% 94.1% 100% 4.6%

Range in air (cm) 0.56 1.81 319 82,000* 39,250*

T able 4.1: Comparison of ionising radiation (* range based on a 99.9% re-

duction)

There are 3 main macroscopic e�ects asso ciated with the energetic hadron

irradiation of high-resistivit y silicon dio des [32]:

1. n-t yp e material undergo es t yp e in v ersion and b ecomes e�ectiv ely p-

t yp e under bias. F urther irradiation c hanges the e�ectiv e doping con-

cen tration, N

ef f

, consequen tly increasing the depletion v oltage.

2. An increase in leak age curren t o ccurs prop ortional to the irradiation �u-

ence, caused b y the creation of recom bination/generation cen tres. This
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increase in leak age curren t results in increased noise and con tributes to

a higher p o w er consumption.

3. A decrease in c harge collection e�ciency is noted, caused b y c harge

carrier trapping.

4.2.2 Requiremen ts of a Radiation Hard Detector

The trac king of ionising particles requires high spatial resolution, short signal

duration and go o d energy resolution. In addition to measuring accurately

the momen ta of c harged particles from the b ending of their tra jectories in

a magnetic �eld, there m ust exist a capabilit y of distinguishing secondary

from primary in teraction v ertices. These requiremen ts form the basis of the

design features of all exp erimen ts at high luminosit y colliders, suc h as the

LHC.

The Large Hadron Collider (LHC) at the Europ ean Lab oratory for P ar-

ticle Ph ysics (CERN) is due for completion in 2007. The LHC will b e used

to test the v alidit y of the Standard Mo del of elemen tary particle in terac-

tions and for the p ossible disco v ery of new ph ysics. The LHC will pro vide

proton-proton in teractions at a cen tre of mass energy of 14 T ev and will b e

op erated at a nominal luminosit y of 10

34

cm

� 2

s

� 1

for around 10 y ears, with

a predicted �uence of fast hadrons, at the trac king elemen ts closest to the

b eam, equiv alen t to 10

15

cm

� 2

1 Me V neutrons. The prop osed upgrade of

the LHC, sLHC, w ould see the luminosit y rise to 10

35

cm

� 2

s

� 1

, increasing

the exp ected total �uence of fast hadrons to ab o v e 10

16

cm

� 2

.

Curren t silicon detectors w ould b e unable to op erate at the required LHC

�uence, due to macroscopic e�ects. Therefore, through the RD50 [10] collab-

oration, 3 main areas are b eing in v estigated for the dev elopmen t of radiation



GaN as a radiation hard detector 79

hard detectors.

� Material Engineering - Includes w ork on the defect engineering of sil-

icon (enric hmen t with o xygen, o xygen dimers) and the p ossible use of

alternativ e materials (SiC, GaN)

� Device Engineering - Impro v emen ts on standard planar detector designs

(3D detectors, thinning of bulk material)

� V ariation of detector op erational conditions - In v estigation in to p ossible

impro v emen ts in p erformance through op eration at lo w er temp eratures

or with forw ard bias

In this w ork, semi insulating GaN w as irradiated with �uences of protons,

neutron and X-ra ys. Dio des w ere measured for an y deterioration in c harge

collection e�ciencies and for increases in leak age curren ts

4.3 P arameters for GaN as a Radiation-Hard

Material

The w ork in this c hapter details the �rst examination of GaN as a radiation

hard detector. F or this reason, details are included of some standard pa-

rameters asso ciated with particle detection, the full deriv ation of whic h ha v e

ha v e not y et b een sho wn.

4.3.1 Radiation Length

The radiation length, � , is de�ned as b eing the length of absorb er in whic h

a particle will lose all but 1/e of its energy to bremsstrahlung. An appro xi-

mation (to within 2.5%) form ulated b y Dahl [33] can b e used to calculate �
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as

� =

716 : 4 � ( A=� )

Z ( Z + 1) ln (287 =

p

Z )

(4.1)

where Z and A are the n uclear c harge and atomic w eigh t of the material

resp ectiv ely , and � is the densit y of the material. F or a comp ound semicon-

ductor, the radiation length is appro ximated as

1

�

=

X

w

j

�

j

(4.2)

where w

j

and �

j

are the fraction b y w eigh t and radiation length for the j th

elemen t. Using eqn (4.2)

�

Ga

=

716 : 4 � (69 : 7 = 5 : 9)

31(31 + 1) ln (287 =

p

31)

cm = 2 : 16 cm (4.3)

Similarly w e �nd

�

N

= 30 : 56 cm (4.4)

The fraction b y w eigh t for Ga and N in GaN are calculated as follo ws

w

Ga

=

A

Ga

A

Ga

+ A

N

=

69 : 7

69 : 7 + 14

=

69 : 7

83 : 7

= 0 : 833 (4.5)

Similarly

w

N

=

14

69 : 7 + 14

=

14

83 : 7

= 0 : 167 (4.6)

Therefore, the radiation length for GaN can b e calculated as

1

�

GaN

=

w

Ga

�

Ga

+

w

N

�

N

=

0 : 833

2 : 16

+

0 : 167

30 : 56

= 0 : 386 cm

� 1

(4.7)

giving

�

GaN

= 2 : 56 cm (4.8)

The equiv alen t n um b ers for v arious semiconducting materials are giv en in

T able 4.2.
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Prop ert y Diamond 4H-SiC Si GaN

E

g

(e V) 5.5 3.27 1.12 3.39

�

e

( cm

2

V s

� 1

) 1800 800 1500 1000

�

h

( cm

2

V s

� 1

) 1200 115 450 30

e-h energy (e V) 13 8.4 3.6 8-10

Displacemen t (e V) 43 25 13-20 10-20

Densit y ( g cm

� 3

) 3.52 3.21 2.33 6.15

Radiation Length �

0

(cm) 12.2 8.7 9.4 2.56

e-h pairs/ �

0

( 10

6

cm

� 1

) 4.4 4.5 10.1 2-3

T able 4.2: Prop erties of diamond, 4H-SiC, Si and GaN crystals

4.3.2 Threshold Energy

Bulk damage in a material is primarily caused b y an incoming particle dis-

placing a primary kno c k-on atom (PKA) from its lattice site, creating an

in terstitial and a v acancy . This pair of defects is kno wn as a F renk el pair.

T o calculate the energy required to create a F renk el pair, it is necessary to

kno w the displacemen t threshold energy , T

d

of the absorbing material. The

threshold energy of gallium, T

Ga

d

, is kno wn to b e 45e V [34] but is unkno wn

for nitrogen. Due to the close pro ximit y of Zn and Ga, and N and O in the

p erio dic table, an analogy b et w een GaN and ZnO (where T

Z n

d

=50 e V and

T

O

d

=55 e V [35]), then suggests that T

N

d

can b e appro ximated as � 30-50 e V.

F or elastic scattering in whic h a particle with mass m

p

and energy E

p

collides with an atom with a mass m

atom

, the maxim um energy that can b e

imparted to a recoil particle E

M AX

R

can b e calculated using the relationship

[32]

E

M AX

R

= 4 E

P

m

p

� m

atom

( m

p

+ m

atom

)

2

(4.9)

W e can then calculate the energy a neutron needs to create a F renk el pair in



GaN as a radiation hard detector 82

Ga as

E

P

=

E

M AX

R

4

( m

p

+ m

Ga

)

2

m

p

� m

Ga

=

43 eV

4

(940 + 65509)

2

940 � 65509

� 800 eV (4.10)

Similarly , for T

N

d

� 30-50 e V, w e �nd

E

P

� 120 � 200 eV (4.11)

The energy a neutron needs to create a F renk el pair from Ga-Ga in GaN is

then

E

Ga

P

=

E

M AX

R

4

( m

p

+ m

GaN

)

2

m

p

� m

GaN

=

43 eV

4

(940 + 55892)

2

940 � 55892

� 660 eV (4.12)

F or the creation of a F renk el P air from N-N in GaN is

E

P

� 460 � 770 eV (4.13)

4.3.3 NIEL Hyp othesis

The NIEL h yp othesis [36 ] (Fig 4.1) allo ws comparison to b e made b et w een

displacemen t damage caused b y �uences of v arying hadronic in teractions

( p; � ; e; n ). Using an hadronic �uence, �

h

, pro ducing damage equiv alen t to

a �uence, �

eq

, of 1Me V neutrons, the hardness factor � of a material can b e

found using

� =

�

eq

�

h

(4.14)

F or eac h in teraction leading to displacemen t damage a primary kno c k-on

atom with recoil energy E

R

is pro duced. The prop ortion of recoil energy giv en

to displacemen t damage dep ends on the recoil energy itself and is calculated

using the Lindhard P artition F unction, P ( E

R

) [37]. Using the Lindhard
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partition function, the NIEL is calculated as the displacemen t damage cross-

section, giv en b y

D ( E ) =

X

�

�

�

( E )

Z

E

M ax

R

0

f

�

( E ; E

R

) P ( E

R

) dE

R

(4.15)

� denotes ev ery p ossible in teraction of an incoming particle with energy E

leading to a displacemen t within the lattice. �

�

is the corresp onding cross-

section for in teraction � to o ccur. f

�

( E ; E

R

) is the probabilit y that an in-

coming particle of energy E will pro duce a PKA with recoil energy E

R

in the

reaction � . The in tegration is o v er all p ossible recoil energies E

R

.
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Figure 4.1: Displacemen t damage in Si for v arious hadrons [36 ]

Although the Lindhard P artition function is w ell kno wn for Si [38] and

has b een calculated recen tly for GaAs [39] and SiC [40 ], no calculation has

y et b een made for GaN. F or this reason, �uences of hadrons will b e giv en in

real terms as opp osed to 1 Me V neutron NIEL equiv alences. Curren t w ork
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b y S. Dittongo et al [41] has recen tly questioned the v alidit y of the NIEL

h yp othesis.

4.3.4 e-h P air Yield

The yield, Y , of a semiconducting material is the n um b er of e-h pairs created

b y a MIP (minim um ionising particle) in a thic kness x . Using the sp eci�c

ionisation dE =dx and the electron hole pair creation energy , � , w e ha v e

Y =

( dE =dx ) � x

�

(4.16)

dE =dx is calculated using the Bethe-Blo c h equation for relativistic electrons

(as sho wn in eqn (3.33) of Chapter 3). F or a comp ound semiconductor X Y ,
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Figure 4.2: Sp eci�c energy loss (stopping p o w er) for silicon, gallium, nitrogen

and gallium nitride [42]

dE

dx

=

X

w

j

�

dE

dx

j

(4.17)

F or GaN

dE
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N
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The stopping p o w ers for Si, Ga, N and GaN are sho wn in Fig 4.2. F rom this

graph w e can see that for a 1 Me V electron in GaN

dE

dx

M I P

= 1 : 12 M eV =cm (4.19)

F rom the linear relationship sho wn in Fig 4.3 w e ha v e �

GaN

� 8 : 9 eV .

Therefore, using eqn (4.16), our yield from a 1 Me V electron in 1 � m GaN

Figure 4.3: Mean energy for calculation of an electron-hole pair in v arious

materials [43 ]

can b e calculated as

Y =

581( eV =�m ) � 1( �m )

8 : 9( eV =eh pair )

) � 65 eh pair s (4.20)

4.4 Charge Collection E�ciency Measuremen ts

4.4.1 CCE using Am

241

Source

Unlik e silicon. where the standard detector w afer thic kness is � 300 � m, the

t ypical thic kness of GaN epila y ers gro wn on sapphire is � 2 � m. Using the
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v alue giv en from eqn (4.17), the n um b er of e-h pairs created b y a MIP in 2

� m of GaN can b e calculated as

n ( eh= 2 �m ) = Y =�m � 2 =�m = 65 � 2 = 130 (4.21)

This lo w n um b er of e-h pairs indicates that using MIPS (for example from

a S r

90

source) is not suitable for calculating the c harge collection e�ciency

(CCE) of GaN detectors. An � particle source w as found to b e more suitable.

Seen in Fig 4.4 is the Bragg curv e for Am

241

5.48 Me V � particles in GaN.

In tegrating under the curv e w e �nd that the energy dep osited in 2 � m of

GaN � 533Ke V, corresp onding to 6 � 10

5

e-h pairs

Figure 4.4: Bragg Curv e for GaN [29]

n ( eh ) =

533000 eV

8 : 9 eV

= 59888 � 6 � 10

5

(4.22)

4.4.2 Exp erimen tal Set-up

The CCE measuremen t setup is sho wn in Fig 4.5.The sample to b e measured

is housed with the Am

241

source in a c ham b er, whic h is held under v acuum
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( � 20 m bar). The sample is connected to an Ortec 141 c harge sensitiv e pre-

Voltage 
Supply Pre-Amp Amplifier

Oscilloscope

ADC Computer

     Sample

(in Vacuum)

Figure 4.5: Exp erimen tal setup for CCE measuremen ts

Figure 4.6: Calibration of energy v's c hannel n um b er scale using v arious

sp ectroscopic sources

ampli�er whic h is connected to an Ortec ampli�er, with shaping time of 1

� s. The sample can b e biased using a v oltage supply to a maxim um of 2

k V. The ampli�er is connected to a m ultic hannel pulse heigh t analyser. An

oscilloscop e is used to displa y � -induced signals in the detector.
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4.4.3 Calibration

Sp ectra of the sp ectroscopic sources Am

241

, P u

239

and C m

244

w ere tak en

using a silicon surface barrier dio de. As the energies of the particles w ere

kno wn, a linear relationship w as made b et w een the energy and the c hannel

n um b er in the data acquisition soft w are (Fig 4.6). T o calculate the correct

CCE for the GaN samples from the calibration, a correction for the di�eren t

v alues of electron-hole pair creation energies, � , has to b e made

C C E (%) =

( E

M

) � (

�

GaN

�

S i

)

E

D

=

E

M

�

8 : 9

3 : 6

E

D

(4.23)

where E

M

and E

D

are the measured and dep osited energy , resp ectiv ely . An

Figure 4.7: � -induced p eaks in GaN for v arying bias

example of the � -induced p eaks can b e seen in Fig 4,7

4.5 Results

The material used for testing w as semi-insulating GaN, gro wn b y T okushima

Univ ersit y using Metal Organic Chemical V ap our Dep osition (MOCVD) tec h-

niques on to an Al

2

0

3

(0001) substrate. The material w as 2 � m thic k, gro wn
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on a bu�er la y er of 2 � m n

+

GaN (Fig 4.8). The prop erties of the la y ers

w ere c hanged b y v ariation of the substrate temp erature and the T ri-Meth yl-

Gallium (TMGa) �o w rate during gro wth [44 ].

Figure 4.8: MOCVD gro wn semi-insulating GaN

Au Shottky pad con tacts w ere realised b y the man ufacturers. I-V c har-

acteristics w ere tak en using a Keithley electrometer, and CCE v alues w ere

measured for a range of applied v oltages.

4.5.1 Pre-Irradiation

The I-V for the as-gro wn GaN sho w ed a leak age curren t of � 2 pA up to

15V (Fig 4.9). F rom this measuremen t the resistivit y w as determined to b e

� 1 � 10

8


 cm. A maxim um CCE of 97% w as seen to o ccur at 15 V. The

CCE increased linearly with the applied bias (Fig 4.10).

4.5.2 Neutron Irradiation

Irradiation F acilities

Neutron irradiations w ere p erformed at the TRIGA reactor at the Jozef-

Stefan Institute in Ljubljana, Slo v enia. The samples w ere irradiated in the
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Figure 4.9: Curren t-V oltage c haracteristic for unirradiated GaN

Figure 4.10: CCE for unirradiated GaN

outer tub e of the reactor core. The source w as tunable b y reactor p o w er from

2 � 10

9

ncm

� 2

s

� 1

to 2 � 10

10

ncm

� 2

s

� 1

(Fig 4.11). In pulsed mo de op eration

�uences of 10

14

ncm

� 2

w ere obtained in 20ms, yielding an e�ectiv e �uence

of 10

15

ncm

� 2

s

� 1

.
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Figure 4.11: Neutron �uence of TRIGA reactor [45]

Results

Dio des w ere irradiated with �uences of 5 � 10

14

, 1 � 10

15

and 1 � 10

16

ncm

� 2

.

Fig 4.12 sho ws the leak age curren ts measured for the dio des p ost-irradiation.

Fig 4.13 sho ws a non-linearit y of leak age curren t v ariation with �uence. This

0

Figure 4.12: Curren t-V oltage c haracteristics for di�eren t �uences of neutron

irradiated GaN
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di�ers from previous observ ations in Si [38], for whic h

I = � �

eq

V (4.24)

where � is the curren t related damage rate. Ho w ev er, suc h non-linear e�ects

ha v e b een seen b efore in another wide bandgap material, SiC [46]. The CCE

v alues for 10

14

- 10

16

ncm

� 2

irradiated GaN can b e seen in Fig 4.14, with the

leak age curren t and CCE c hanges after irradiation sho wn in T able 4.3. The

Figure 4.13: Leak age curren t against �uence

Figure 4.14: CCE for all n irradiated GaN

neutron irradiated samples sho w ed a decrease in CCE with �uence, while
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the leak age curren t sho w ed a non-linear increase with �uence. One p ossible

explanation for this is the in tro duction of deep lev el acceptor states in the

material. These acceptor states will capture free electrons generated in the

material, reducing leak age curren t lev els, but also reducing measured CCE

lev els. Evidence of deep lev el trapping/de-trapping w as seen in the increase

in lo w-lev el noise in the CCE measuremen t set-up for 10

15

ncm

� 2

and 10

16

ncm

� 2

samples. A more detailed in v estigation of radiation induced trapping

is discussed in Chapter 5.

I(pA)(15 V) � I

U N

(pA) CCE(%)(15 V) CCE Drop(%) C C E

M AX

(%)

Unirradiated 1.6 1 72.12 0 96.78 (30 V)

10

14

ncm

� 2

18.3 11.44 62.28 9.84 78.7 (30 V)

10

15

ncm

� 2

50 31.25 6 66.12 7.4 (22 V)

10

16

ncm

� 2

10.55 6.59 4.45 67.67 4.45 (15 V)

T able 4.3: E�ect of neutron irradiation on the leak age curren t and CCE of

GaN dio des

4.5.3 Proton Irradiation

Irradiation F acilities

Proton irradiation w as p erformed at CERN, Genev a. The irradiation zone

used w as IRRAD-1, where samples can b e exp osed to a 24 Ge V/c proton

b eam. Fluences of up to 3 � 10

13

pcm

� 2

s

� 1

are ac hiev able. Irradiations w ere

p erformed b y M. Glaser and M. Moll.

Results

A GaN dio de w as irradiated to a �uence of 1 � 10

16

pcm

� 2

. As for the neutron

irradiations, measuremen ts w ere made of the I-V c haracteristic and of the

CCE for v arying bias v oltages (Figs 4.15 & 4.16). The lo w lev els of leak age
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curren t measured (20 pA at 15 V) w ere similar to the curren ts measured in

the 10

16

ncm

� 2

irradiated sample, ho w ev er CCE lev els w ere higher for the

1 � 10

16

pcm

� 2

than for the 1 � 10

16

ncm

� 2

irradiated dio de.

Figure 4.15: Curren t-V oltage c haracteristic for proton irradiated GaN

Figure 4.16: CCE for proton irradiated GaN
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4.5.4 X-ra y Irradiation

Irradiation F acilities

The X-ra y irradiation w as p erformed at the Imp erial College Reactor Cen tre

[47].

Results

A GaN dio de w as irradiated with 600 MRad of 10 k e V X-ra ys. Sho wn here

are the I-V c haracteristic (Fig 4.17) and CCE (Fig 4.18) p ost irradiation.

Figure 4.17: Curren t-V oltage c haracteristic for X-ra y irradiated GaN

A notable increase in leak age curren t w as seen (300 pA at 15 V), although

no degradation w as observ ed in CCE lev el. This com bination of e�ects ma y

b e attributed to surface damage, whic h w ould con tribute signi�can tly to the

leak age curren t but ha v e no e�ect on the space c harge region, and hence CCE

v alues.
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Figure 4.18: CCE for X-ra y irradiated GaN

4.5.5 Comparisons

In con trast to GaN, the most recen t data tak en for irradiated DOFZ Si n-in-n

microstrip detectors [48 ] (T able 4.4) sho w CCE v alues of 100% for a NIEL

equiv alence of 3.52 � 10

14

ncm

� 2

after increasing the op erating v oltage from

70 to 500V. A t the highest �uence measured, 4.40 � 10

15

ncm

� 2

, the CCE

sho w ed a decrease to 30% CCE at 850 V, higher than the CCE measured for

GaN. This suggests that it is p ossible to extract a higher CCE from DOFZ

Si than from GaN.

Ho w ev er, this requires a substan tial increase in op erating v oltage, and

a p ossible decrease in op erating temp erature. Suc h c hanges substan tially

increase the p o w er necessary for the con tin uous op eration of a detector. The

v alues of CCE for the GaN samples tested here required no reduction in

temp erature and no signi�can t increase in op erating v oltage.
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Material Fluence (p) Fluence (n) C C E

M AX

% V @ C C E

M AX

GaN Unirrad Unirrad 97 30

GaN 10

14

- 79 30

GaN 10

15

- 7.4 22

GaN 10

16

4.45 15

GaN - 10

16

13.5 30

Si n in p Unirrad Unirrad 100 70

Si n in n 6x 10

14

3.52x 10

14

100 500

Si p in n 7x 10

14

4.11x 10

14

100 500

Si n in n 6x 10

14

3.52x 10

14

100 500

Si n in n 1.10x 10

15

6.46x 10

14

75 800

Si n in n 3x 10

15

1.7x 10

15

60 820

Si n in n 7.5 10

15

4.40x 10

15

30 850

T able 4.4: E�ect of neutron irradiation on the leak age curren t and CCE for

GaN and silicon detectors [48]

4.6 Summary and F uture W ork

The GaN samples tested in this w ork ha v e b een sho wn to p ossess go o d elec-

trical prop erties, ensuring its e�ectiv eness as a detection material. The lo w

leak age curren ts measured allo w detectors to run at lo w noise lev els at high

biases. A drop of 18% in CCE is measured after the material is irradiated

with a �uence of 10

14

ncm

� 2

. Although this drop is signi�can t, the dio de

requires no increase in op erating v oltage. The dio des w ere also tested pre-

and p ost-irradiation at ro om temp erature. Stabilising b oth the op erating

bias and temp erature is b ene�cial when considering the p o w er necessary for

con tin uous op eration of a detector.

Ho w ev er, the disadv an tages of the tested material are t w ofold :-

1. The material sho ws a rapid decrease in CCE v alues for v ery high

hadronic �uences
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2. The material is only 2 � m thic k

The yield of material is also an issue for GaN (and most other alternativ e

materials to Si) as a viable detecting material for large exp erimen ts. GaN

gro wn on sapphire cannot utilise man y dio de con�gurations, as con tacts can-

not b e realised to the bac k of the substrate. An increase in thic kness of GaN

from 2 � m w ould also b e necessary for its use as a trac king detector.

Ho w ev er, further w ork is necessary b efore conclusions can b e made for

GaN as a rad-hard material. Curren tly , in v estigations are ab out to b egin

using thic k er GaN. T ogether with up to 25 � m thic k GaN, no w commercially

a v ailable, one man ufacturer [49] has no w pro duced bulk ( > 250 � m) GaN, and

made it a v ailable for initial c haracterisation. If suc h thic knesses of material

can b e seen to b e as a radiation-hard as 2 � m GaN, then there is a p ossibilit y

that GaN could b e used for certain sp ecialised areas, suc h as sync hrotron

radiation monitoring, curren tly an area explored using another wide bandgap

material, CVD diamond [50 ].



Chapter 5

Defect Characterisation

5.1 In tro duction

When c haracterising the electrical prop erties of semiconducting radiation de-

tectors, it is necessary to tak e in to accoun t the defects they ma y p ossess and

their p ossible impact on op erating p erformance. F or (Al)GaN, the defect

densit y is though t to b e as high as 10

15

cm

� 3

[11]. As w ell as b eing caused

b y impurities, the v ast ma jorit y of these defects are though t to b e structural

defects, in tro duced at the gro wth stage. This c hapter will describ e the in-

v estigations of v arious t yp es of GaN for evidence of traps and discuss their

p ossible detrimen tal consequences. These include GaN pre - and p ost - ir-

radiation with neutrons, protons and X-ra ys (as describ ed in the previous

c hapter), as-gro wn Emcore [51 ] GaN & AlGaN; Mg dop ed GaN (b efore and

after p-t yp e activ ation of the Mg) and GaN gro wn with a v ariet y of MOCVD

gro wth parameters. Ev aluation of defects w as carried out through studies of

photoluminescence (PL), micro w a v e absorption (MW A), photo conductivit y

(PC) and thermally stim ulated curren ts (TSC).

99
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5.2 Defects

5.2.1 E�ects of Defects

Defects can alter the op eration of a semiconducting detector in three main

w a ys.

� Defects with lo w activ ation energies can act as donors or acceptors,

mo difying the doping concen tration of a semiconductor op erated at

ro om temp erature

� They can reduce the S/N of the detectors. This o ccurs if a �lled trap

releases an electron or hole while e-h pairs are b eing collected after

generation from dep osited energy , increasing the noise of the signal.

Alternativ ely , generated c harge can b e trapp ed, prev en ting it from b e-

ing sw ept to the electro de and degrading the signal.

� Mo di�cation of the electric �eld distribution within the SCR can also

o ccur if the defect is c harged

Defects can b e classi�ed in to t w o t yp es: radiativ e and non-radiativ e. F or

radiativ e cen tres, a photon will b e emitted on de-excitation. This do es not

o ccur for non-radiativ e cen tres, where the energy di�erence is dissipated b y

some other means, most commonly as lattice vibrations (phonons).

Defects are commonly in tro duced at the gro wth stage, and are therefore

in trinsic to the material. F urther defects, ho w ev er, can b e in tro duced via

ageing e�ects throughout the op erational lifetime of the detector. The re-

sults from c hapter 4 suggested that the degradation in CCE and v ariations

in leak age curren t after irradiation w ere due to radiation induced defects.
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Ho w ev er, it is also imp ortan t to detail the as-gro wn defects asso ciated with

GaN. (The a v erage densit y of defects in GaN has b een rep orted to b e in the

order of 10

15

cm

� 3

[11 ]). The follo wing section outlines the most prominen t

defects in GaN and details their origin.

5.2.2 Defects in GaN

Nonin ten tionally dop ed GaN is usually n-t yp e, and can ha v e electron concen-

trations n � 10

18

cm

� 3

. The dominan t donor is b eliev ed to b e the nitrogen

v acancy , V

N

. The binding energy of this donor is sub ject to con tro v ersy , with

rep orted v alues ranging from 17-42 me V [52, 53, 54 ] A further V

N

deep lev el

donor state is b eliev ed to exist at � 0.12 e V. Si, Mg and C can all also act

as donor states. A wide range of acceptor states in GaN is detailed in Fig

5.1. As w ell as the donor and acceptor states detailed ab o v e, 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

0.6

0.260.11- 
0.14

0.03;

0.12

0.02- 
0.13




0.34- 
0.21

1.09- 
0.59

0.41 0.55
0.7 0.750.89


0.14

0.21- 
0.140.19

3.39eV

Figure 5.1: Donor and acceptor lev els in GaN, where V

Ga

and V

N

denote

Ga and N v acancies, and where Ga indicates a Ga atom in a N atom site

(substitutionals) [55]

than 30 recognised defect lev els in GaN [11 ]. The next section will discuss

brie�y the causes of suc h defects in GaN.
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P oin t Defects

P oin t defects describ e defects caused b y the absence of an atom from its

lattice p osition, b y the switc hing of atom t yp e in a crystal (eg a Ga atom at

a lattice p oin t where a N atom should reside) or b y the app earance of an atom

b et w een allo w ed p ositions in a crystal structure (Fig 5.2). These are kno wn as

v acancies, substitutionals and in terstitials resp ectiv ely . P oin t defects can also

o ccur from the in tro duction of an impurit y atom at a lattice p oin t, or through

the creation of F renk el pairs b y inciden t ionising radiation (detailed in c hapter

4). As-gro wn p oin t defects in GaN are b eliev ed to b e most commonly Ga

Figure 5.2: Examples of a p erfect lattice (left) and t yp es of p oin t defects

(righ t) in a crystal

v acancies. Suc h defects can b e iden ti�ed from photoluminescence sp ectra, as

a band p eaking at around 2.2 e V.

Dislo cation defects

Of the t w o main t yp es of dislo cations that can o ccur within a crystal struc-

ture, edge dislo cations and screw dislo cations (Fig 5.3), the latter is most

common in GaN. It is caused during the gro wth pro cess when the hexagonal

columns of GaN t wist as they gro w laterally from the substrate, causing 60

0

basal plane dislo cations. There is a lattice mismatc h ( � 13.5%) b et w een the
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Figure 5.3: Examples of an edge dislo cation (left) and a screw dislo cation

(righ t) in a crystal

sapphire substrate and GaN and there is also a thermal mismatc h. The ther-

mal expansion co e�cien ts for sapphire and GaN are

� a

a

= 7 : 5 � 10

� 6

K

� 1

and

� a

a

= 5 : 59 � 10

� 6

K

� 1

. resp ectiv ely . F or GaN, suc h dislo cation defects

are seen as p eaks at � 2.85 e V in PL sp ectra.

Sev eral metho ds can b e used to iden tify defects in materials. Photo-

luminescence, Micro w a v e absorption (MW A), Photo conductivit y (PC) and

Thermally stim ulated curren t (TSC) metho ds w ere used in the presen t w ork.

Details of eac h metho d and their results will no w b e describ ed.

5.3 Photoluminescence

5.3.1 Theory

Photoluminescence sp ectroscop y is a con tactless, nondestructiv e metho d of

probing the electronic structure of materials. A mono c hromatic ligh t source

with kno wn photon energy illuminates the surface of a material, where some

of the ligh t is absorb ed b y exciting electrons in to a p ermitted higher energy

state. When the electron returns to its equilibrium state, ligh t is released.

The energy of the emitted ligh t giv es an indication of the energy di�erence

b et w een the equilibrium and excited states of the electron. In a semiconduc-
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tor, therefore, this energy di�erence ma y relate to the bandgap, or to a defect

of kno wn energy . The in tensit y of emitted ligh t - or photoluminescence - can

also giv e an indication of the in tensit y of transitions o ccurring.

There are four main applications [56] for whic h photoluminescence can

b e used:

� Bandgap determination. The most common radiativ e transition in

semiconductors is across the bandgap.

� Impurit y lev els and defect detection. Radiativ e transitions in semicon-

ductors in v olv e lo calised defect lev els. The photoluminescence energy

asso ciated with these lev els can b e used to iden tify sp eci�c defects,

and the in tensit y of photoluminescence can b e used to determine their

concen tration.

� Recom bination mec hanisms. Recom bination can in v olv e b oth radiativ e

and nonradiativ e pro cesses. The amoun t of photoluminescence and

its dep endence on the lev el of photo-excitation and temp erature are

directly related to the dominan t recom bination pro cess. Analysis of

photoluminescence helps to understand the underlying ph ysics of the

recom bination mec hanism.

� Material qualit y . In general, nonradiativ e pro cesses are asso ciated with

lo calised defect lev els, whose presence is detrimen tal to material qualit y

and subsequen t device p erformance. Th us, material qualit y can b e

c haracterised b y quan tifying the amoun t of radiativ e recom bination.
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Figure 5.4: Sc hematic diagram of the photoluminescence measuremen t setup

5.3.2 Exp erimen tal Setup

The exp erimen tal setup for the PL measuremen ts is detailed in Fig 5.4. Ro om

temp erature photoluminescence measuremen ts w ere carried out using a con-

tin uous w a v e (cw) He-Cd laser op erating at 325 nm (1). The laser passed

through a pinhole (3), a �lter (4) and series of lenses (7 & 11). The in tensit y

of the laser w as measured using a b eamsplitter (5) and photo dio de gauge

(6). A particular w a v elength from the photoluminescence emanating from

the sample (8) w as selected using a mec hanical sh utter (12), a p olariser (13)

and mono c hromator (14). The in tensit y of the sp eci�ed w a v elength w as then

measured using a photo-m ultiplier tub e (15) and single photon coun ter (17),

whic h passed the signal to the computer (19) via a con trol unit (18).

5.3.3 Results

Pre Irradiated GaN

Fig 5.5 sho ws the PL sp ectrum tak en from as-gro wn GaN b efore irradiation.

The sp ectrum sho ws a go o d agreemen t with previous measuremen ts of GaN

[57, 58 ], with the observ ed sp ectra sho wing four bands. An ultra violet band
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(UVB) p eak at 3.4 e V is attributed to band-to-band recom bination. This

ultra violet band is accompanied b y a violet band (VB) p eak at 3.36e V, a

y ello w band (YB) p eak at 2.18 e V and a blue band (BB) p eak at 2.85 e V.

The blue band p eak has b een in terpreted as evidence of a high densit y of

dislo cations [59]. The y ello w band is attributed to p oin t defects, eg Ga

v acancies [59, 60 ], whereas the violet p eak is though t to b e caused b y donor-

acceptor recom bination [57].

Figure 5.5: Photoluminescence sp ectra for GaN pre-irradiation

P ost Irradiated GaN

PL sp ectra w ere measured after irradiation of GaN with X-ra ys, neutrons

and protons as detailed in c hapter 4. It w as found that the in tensities of all

4 p eaks dropp ed b y a signi�can t amoun t (Fig 5.6 & T able 5.1). This can b e

attributed to an increase in non-radiativ e recom bination through radiation
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Figure 5.6: Photoluminescence sp ectra from GaN p ost-irradiation with X-

ra ys, neutrons and protons

Material/Sample Band to Band Violet Band Blue Band Y ello w Band

Non-irradiated - - - -

X-ra ys 2.1 2.2 1.9 2.6

n irrad 3.5 4.2 4.3 11.2

p irrad 35 33 5 11

T able 5.1: F actor of decrease in in tensit y of PL bands for GaN p ost irradia-

tion

in tro duced defects. This increase in radiation induced defects is a p ossi-

ble explanation for the degradation in CCE lev els for the irradiated dio des

sho wn in c hapter 4. F urthermore, the in tensit y of the YB p eak falls more

dramatically than the UVB, VB and BB p eaks. This suggests that p oin t

defects ma y undergo a mo di�cation under irradiation, transforming man y

in to non-radiativ e recom bination cen tres. Ho w ev er, those defects caused b y

dislo cations, indicated b y the in tensit y of BB p eak, seem to undergo no suc h

transformation.
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Emcore Material

Figure 5.7: Photoluminescence sp ectra for Emcore AlGaN and GaN material

T w o w afers gro wn b y MOCVD b y Emcore [51] w ere tested. Both w afers

w ere unin ten tionally dop ed. The resistivit y of the w afers and the Al molar

fraction of the AlGaN w afer w ere not supplied b y the man ufacturers. A

PL sp ectrum w as measured for a sample of Emcore AlGaN (Fig 5.7). The

sp ectrum sho ws a v ery large YB p eak, indicating a v ery high densit y of p oin t

defects, p ossibly in tro duced at the gro wth stage of the Al capping la y er. It

has b een sho wn previously that the in tensit y of the YB p eaks dep ends on

the Al molar fraction [61]. As the molar fraction of Al in the AlGaN w as not

supplied b y the man ufacturers, the Al con ten t w as calculated using the PL

sp ectrum as follo ws. The bandgap of AlGaN is found using

E

g

( x ) = E

g

GaN (1 � x ) + E

g

Al N ( x ) � bx (1 � x ) (5.1)

where E

g

GaN = 3.2 e V, E

g

AlN = 6.2 e V, x = molar fraction of Al and b is

the b o wing parameter ( � 0.8 [4]). The band-to-band recom bination p eak for
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the AlGaN sample is situated at 3.6 e V. Therefore

3 : 6 = 3 : 2(1 � x ) + 6 : 2( x ) � x (1 � x ) (5.2)

Solving for x , w e �nd

x � 0 : 1 (5.3)

Therefore, the Al molar fraction of the material is 10%. The PL sp ectrum

for an Emcore GaN sample is also sho wn in Fig 5.7. The in tensities for all

p eaks at the same ligh t in tensit y (9 m W) are higher for GaN than for the

AlGaN. This suggests that the AlGaN has a greater n um b er of non-radiativ e

cen tres, and consequen tly , is of p o orer material qualit y .

T okushima Material

Figure 5.8: Photoluminescence sp ectra for GaN gro wn with v aried TMG �o w

rate (2 and 4 TMG indicates double and 4 times the standard TMG �o wrate,

resp ectiv ely)

T ri-meth yl gallium (TMG) and ammonia are commonly used as precur-

sors for Ga and N in GaN when gro wn using the MOCVD metho d. T o
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in v estigate the e�ect of altering the �o w rates of the pre-cursors, GaN w afers

with v arying TMG �o w rates w ere supplied b y T okushima Univ ersit y . The

e�ect of doubling the TMG �o w rate can b e seen from the PL sp ectra in Fig

5.8. It can b e seen that although the in tensities of the UV p eaks are simi-

lar, there is an increase in in tensit y of the YB and BB p eaks with increased

TMG �o w rate, suggesting that the increased TMG �o w rate has in tro duced

a greater densit y of defects in to the material.

Mg Dop ed GaN

Figure 5.9: Photoluminescence sp ectra for as-gro wn and annealed (activ ated)

Mg dop ed GaN

2 GaN w afers w ere gro wn b y Comp ound Semiconductor T ec hnologies [62].

The w afers w ere dop ed with 3.2 � 10

19

and 6.2 � 10

19

atoms cm

� 2

of Mg, whic h

acts as an acceptor in GaN, and is used for the pro duction of p-t yp e material.

The material w as annealed at 1100

0

C for 5 min utes to activ ate the Mg. PL
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sp ectra for b oth samples w ere tak en b efore and after activ ation of the dopan t

(Fig 5.9). Before annealing, small p eaks o ccur at 3.264 e V in the samples,

indicating that they are already partially activ ated. The increase in these

p eaks can b e seen for b oth samples after activ ation.

5.4 Micro w a v e Absorption & Photo conductiv-

it y

5.4.1 Theory

Micro w a v e absorption (MW A) [63, 64, 65] is an e�ectiv e, non-in v asiv e to ol for

the monitoring of excess carrier b eha viour due to recom bination and trapping

pro cesses in semiconductors. In a semiconductor, b ound electrons will not

absorb micro w a v es. F or micro w a v es to b e absorb ed, a material is needed

that con tains free electrons - electrons con tained in the conduction band and

able to carry curren t if a v oltage is applied across it. This condition can

arise if semiconductors are exp osed to ligh t, whic h creates e-h pairs. F rom

the in tensit y and p erio d o v er whic h the micro w a v es are re-emitted on de-

excitation, w e can gain an indication of the relaxation time of the excess

carriers and, consequen tly , the existence of defects.

F or photo conductivit y (PC) measuremen ts, the increase in conductivit y

of the semiconductor due to photogenerated curren t is recorded through the

drop in v oltage across a resistor. Similarly as for MW A, the time dep endence

in the fall of conductivit y (and hence v oltage drop) giv es an indication as to

the relaxation time of the generated carriers.
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Figure 5.10: Sc hematic set-up for MW A and PC measuremen ts

5.4.2 Exp erimen tal Setup

In the set-up in Fig 5.10, a pump ed Nd-Y ag laser w as used with second and

third harmonic generators to pro duce 3 excitation w a v elengths: UV (266

nm), Green (532 nm) and IR (1064 nm). Using v arious �lters the source

could pro duce an y one, t w o, or all three signals sim ultaneously . F or MW A,

the source has a pulse duration of 10-100 ns, to satisfy the appro ximation of

a � -pulse (a 30 ps ligh t pulse w as used for PC measuremen ts), and is fo cused

( � 2 mm) on to the surface of the sample. Micro w a v es with a frequency of

10-21 GHz and p o w er of 100-200 m W are generated b y a Gunn dio de source

and used to prob e the excited area of the sample. A MW detector is then
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used to measure in either re�ection or absorption mo de. T ransien ts of the

re�ected or transmitted micro w a v es are recorded b y a digital oscilloscop e.

The same setup w as used for PC measuremen ts, using wire connections to

the metal con tacts on the GaN.

The relaxation curv e of the PC deca y and MW absorption/re�ection has

t w o c haracteristic parts: a transien t, non-exp onen tial part and an asymptotic

exp onen tial part. The e�ectiv e lifetime for the asymptotic part ( �

asy m

) is

giv en b y the time it tak es for the amplitude to decrease to 0.1 of its p eak

v alue, and is determined b y a �tted exp onen tial function.

5.4.3 Results

Irradiated GaN

Figure 5.11: MW A & CPC (con tact PC) measuremen ts of the transien t non-

exp onen tial section of de-excitation for pre-and p ost-irradiated GaN

Fig 5.11 sho ws the non-exp onen tial section of the deca ys from MW A

and PC measuremen ts of the pre-and p ost-irradiated GaN in the ns time
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Material/Sample �

in

(ns)

Non-irradiated 100-500

X-ra ys 80

n irrad 20

proton irrad 10

T able 5.2: Summary of the transien t deca y lifetimes in the pre-and p ost-

irradiated GaN samples

region. T able 5.2 sho ws a rapid decrease in �

in

after irradiation with neutrons,

protons and X-ra ys, indicating an increase in non-radiativ e recom bination.

This result agrees with those giv en previously , where the fall in in tensit y for

all PL sp ectra measured in the p ost irradiated GaN w as attributed to an

increase in non-radiativ e recom bination.

Figure 5.12: PC measuremen ts of the asymptotic section of de-excitation for

pre- and p ost-irradiated GaN

Fig 5.12 sho ws the asymptotic section of the deca y from MW A measure-

men ts in the unirradiated, X-ra y and neutron irradiated samples. These

sho w an increase in v alues for �

as

relativ e to pre-irradiation v alues. One
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p ossible explanation for this is that the generated excess carriers are under-

going m ulti-trapping pro cesses, due to radiation induced trapping cen tres,

and subsequen tly increasing the v alues for �

as

.

Emcore material
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Figure 5.13: MW A measuremen ts for Emcore AlGaN material, p erformed at

v arying temp eratures

The MW A measuremen ts for the Emcore supplied AlGaN are sho wn in

Fig 5.13. The op erating temp erature for the measuremen ts v aried from 283

K to 338 K. The activ ation energy of the traps w as found b y plotting the

appro ximate v alues for the instan taneous and asymptotic lifetimes against

the in v erse of kT (Fig 5.14). T raps estimated to ha v e activ ation energies

of 0.675 e V and 0.201 e V w ere measured. Both are in close agreemen t with

previously published activ ation energies in (Al)GaN [66, 67 ].
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Figure 5.14: The activ ation energies of traps in AlGaN deriv ed from the

temp erature v ariation of MW A measuremen ts

5.5 Thermally Stim ulated Curren ts (TSC)

5.5.1 Theory

Thermally stim ulated curren t (TSC) measuremen ts pro vide another w a y of

in v estigating deep lev el traps in semiconductors in whic h samples are �rst

reduced to a lo w temp erature, then slo wly heated. An y �lled traps within the

material will empt y at a temp erature T when the energy corresp onding to

the trap is close to k T . The activ ation energy , E

d

of a trap can b e calculated

using the equation [58 ]

E

d

= T

m

k � ln ( T

4

m

=� ) (5.4)

where � is the heating rate (K/s) and T

m

is the temp erature (in K) at whic h

the curren t p eak o ccurs.
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5.5.2 Exp erimen tal Setup
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Figure 5.15: Sc hematic diagram of the TSC measuremen t setup

The exp erimen tal setup for TSC measuremen ts is detailed in Fig 5.15.

The wire b onded samples w ere held within a liquid nitrogen cry ostat (3).

This allo w ed measuremen ts to b e made in the temp erature range 100-300 K.

The temp erature of the sample w as determined from the output v oltage of

a previously calibrated thermo couple (6) attac hed to a v oltmeter (4), and

the heating w as con trolled b y a programmable p o w er supply (7). The TSC

curren t w as measured using an electrometer (5), and the samples could b e

illuminated through a remo v able co v er on the fron t of the c ham b er (2), using

a halogen lamp source (1). The output w as then passed to a PC (9).
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5.5.3 Results

Emcore GaN

The thermally stim ulated curren t for the GaN sample w as measured at a

bias v oltage of 5 V. The v oltage range for measuremen ts w as limited b y the

leak age curren t. Fig 5.16 and T able 5.3 sho w a n um b er of traps with their

asso ciated calculated activ ation energies.

Figure 5.16: TSC measuremen ts for Emcore GaN

T emp erature (K) E

d

(e V) (Measured) E

d

(e V) (Referenced)

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 0.67

T able 5.3: A ctiv ation energy of defects in GaN iden ti�ed through TSC mea-

suremen ts

The defect lev els measured are similar to those rep orted in previous w ork
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[69, 68 ]. The di�erences b et w een the rep orted and measured activ ation en-

ergies can b e attributed to the lo w heating rate. The defect at 0.67 e V w as

also iden ti�ed in the AlGaN sample, suggesting that this trap is not caused

b y the gro wth of the Al capping la y er, but is in fact, a homogeneous nativ e

defect.

T okushima GaN

A GaN sample gro wn b y T okushima Univ ersit y w as measured for thermally

stim ulated curren t at negativ e bias v oltages of 5V, 10V and 15V. The TSC

measuremen ts in Fig 5.17 sho w a defect with an activ ation energy of 0.57

e V, whic h is presen t for all biases, and has b een rep orted previously [66 ]

Ho w ev er, a defect with an activ ation energy of � 0.2 e V can only b e b e seen

with an increased applied bias. Suc h an e�ect has not b een rep orted on GaN

elsewhere.

Figure 5.17: TSC measuremen ts for T okushima gro wn GaN
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5.6 Summary and F uture W ork

V arious tec hniques ha v e b een used to c haracterise defects in a wide range of

GaN materials. Samples irradiated with X-ra ys, protons and neutrons ha v e

b een in v estigated using photoluminescence, MW A and PC measuremen ts.

Results indicate an increase in non-radiativ e recom bination cen tres. This

w as sho wn through a decrease in all PL p eaks, and through the decrease

in the instan taneous carrier lifetimes from MW A and PC measuremen ts.

An increase in asymptotic lifetimes suggests that excess carriers undergo a

m ulti-trapping pro cess after irradiation. PL measuremen ts also indicate a

rapid decrease in in tensit y for the YB p eak, indicating a transformation of

p oin t defects in to non-radiativ e cen tres. Dislo cation defects app ear to b e

unc hanged with irradiation.

Photoluminescence sp ectra w ere also used to iden tify the molar fraction

of Al presen t in an Emcore AlGaN w afer, whic h w as found to b e � 10%. PL

w as also used to sho w that increasing TMG �o w rates in MOCVD gro wth

can signi�can tly increase b oth p oin t and dislo cation defects. The activ ation

of Mg dop ed GaN w as also v eri�ed using PL sp ectra.

A common defect with activ ation energy of � 0.67 e V is found for t w o

t yp es of Emcore GaN material using b oth TSC and MW A measuremen ts.

The v ariet y of trap lev els found throughout the materials is consisten t with

previous results, suggesting n umerous and material dep enden t defect lev els

in thin GaN �lms. Suc h inhomogeneities in material will also b e discussed

in the follo wing c hapter, where leak age curren ts for Sc hottky con tacts are

sho wn to v ary signi�can tly b et w een similarly gro wn w afers, and su�er from

PPC (p ersisten t photo conductivit y) e�ects.



Chapter 6

UV GaN detectors

6.1 In tro duction

Due to the the recen t adv ances in gro wth tec hnologies [70], GaN has recen tly

b ecome the fo cus of in tense in terest [11]. Its direct wide energy bandgap

(3.4 e V) mak es it a highly promising material for photon detection in the UV

range. The addition of Al can lo w er the cuto� w a v elength from 365 to 200

nm. Consequen tly , no short pass �lter is necessary for selectiv e UV detection.

P oten tial uses for GaN UV detectors [71 ] range from space - based, military

and en vironmen tal applications to proteomics - the study of proteins. One

suc h example of protein structure studies is that of Circular Dic hrosim (CD)

[72].

This w ork details the dev elopmen t of fabrication pro cesses for UV MSM

(metal-semiconductor-metal) detectors using (Al)GaN. The e�ects of v arying

parameters suc h as the material comp osition, dio de geometry , surface passi-

v ation and Sc hottky metals are also presen ted, with the optimised parameters

subsequen tly implemen ted in the design for a 46-c hannel dio de arra y to b e

op erated for use in CD measuremen ts using sync hrotron radiation; the �rst

time that suc h MSM detectors ha v e b een used for p osition sensitiv e detection.

121
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6.2 GaN UV Detectors

In recen t y ears, sev eral di�eren t st yles of photo dio des ha v e b een fabricated on

I I I-nitrides [73 ]: photo conductors, Sc hottky photo dio des, metal-semiconductor-

metal photo dio des, p-n/p-i-n photo dio des and phototransistors (Fig 6.1).

Photo conductors su�er from high lev els of p ersisten t photo conductiv e e�ects

(PPC) and p o or UV/visible ratios [74 ]. Sc hottky dio des consist of an ohmic

con tact and a Sc hottky con tact, whic h is transparen t to UV, and can sim ulta-

neously act as a barrier to electromagnetic radiation with larger w a v elengths.

Their time resp onse is R C-limited, and they ha v e pro v en to b e go o d devices

for certain applications [75]. P-n/p-i-n photo dio des ha v e b een fabricated re-

cen tly , although di�culties in doping (Al)GaN to mak e p-t yp e material still

remain a problem [76].

Figure 6.1: Examples of di�eren t t yp es of (Al)GaN photo detectors [11]

Metal-Semiconductor-Metal (MSM) photo dio des consist of t w o Sc hottky

con tacts, where the activ e la y er is the area b et w een the con tacts. The re-

sp onses of these devices ha v e b een sho wn to b e linear with optical p o w er

and ha v e v ery high UV/visible ratios [77]. F abrication of MSM dio des is
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also less complex, with the abilit y to realise b oth con tacts at the same time,

unlik e the standard Ohmic-Sc hottky con tact con�guration, whic h requires

an ohmic con tact with a di�eren t con tact comp osition to b e annealed (at

around 900

o

C for GaN). MSM UV detectors ha v e b een fabricated in this

w ork. The follo wing sections will no w describ e the design and fabrication

pro cess dev elopmen t for suc h detectors.

6.2.1 Dio de Designs

T w o dio de geometries w ere used in this w ork. Initial dio de designs used for

material c haracterisation consisted of a 300 � m diameter pad, with a 200

� m wide ring separated from it b y a 100 � m gap (Fig 6.2). Suc h a design

is similar to the pad/guard-ring structure used in common pad detectors.

Ho w ev er for GaN, metal (ohmic) con tacts cannot b e realised on the bac k

surface due to the insulating sapphire, and so in this case the "guard-ring"

acts as a standard Sc hottky con tact.

Figure 6.2: An example of pad/ring MSM dio de design

F or the �nal UV detectors, in terlea ving (MSM) �nger dio des w ere em-

plo y ed. Finger dio des (Fig 6.3) are formed using com b-lik e patterns. This
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Figure 6.3: An example of an In terlea ving �nger MSM dio de design (Finger

pitc h & width = 25 � m)

structure is though t to b e optimised for UV detection in GaN since:

1. The small pitc h b et w een the electro de �ngers results in the inciden t

photon b eing nearer to an electro de. This means that the collection

time for generated e-h pairs is reduced.

2. Ev en though the electro des are close together (10 � m p ossibly), using

the in terlea ving �nger geometry means the activ e area (area b et w een

the �ngers) is not compromised

The dio des w ere designed using the CAD pac k age, W a v emak er. 3 di�eren t

�nger dio des w ere used, of o v erall dimension 2000 � m � 1700 � m, and �nger

pitc h, equal to �nger width, 25, 50 and 100 � m. A ttac hed to the sides of the

dio des w ere a set of square b onding pads (200 � m p er side).

6.2.2 Dio de F abrication

T w o t yp es of lithograph y w ere used for fabrication of the dio des

� Photolithograph y



UV GaN detectors 125

� E-b eam (for features <5 � m)

The follo wing section will no w detail the pro cess dev elop ed for the fabrication

of MSM UV detectors from GaN using photo and electron-b eam lithograph y .

Cleaning

The material w as cut in to 1 cm

2

squares using a diamond sa w. A similar

sample cleaning pro cedure w as used for b oth lithographic tec hniques. A

solv en t clean w as p erformed to remo v e an y dirt or remnan ts of w ax left from

the cutting of the w afer. The samples w ere immersed in a b eak er of Opticlear

and heated in a 60

o

C w ater bath for 10 min utes, follo w ed b y 10 min utes in an

ultrasonic bath. This w as rep eated using methanol, acetone and isopropanol.

The samples w ere then dried with an N

2

gun and placed in an o v en at 90

o

C

for 5 min utes.

E-b eam

E-b eam resist patterning

An electron sensitiv e resist w as applied on top of the substate b y spin coating.

The most commonly used resist, p olymeth yl methacrylate (PMMA), w as

used with di�eren t molecular w eigh ts and concen trations, v arying from 8%

'2010' to 12% '2041'. In eac h case, the resist w as applied with a pip ette and

spun at 5000 rpm for 30 s. The samples w ere bak ed for 30 min utes at 180

o

C .

The sample w as then placed in the b eam writer with the desired pattern and

w as written with a de�ned dose and sp ot size.
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Dose T ests

T o optimise the qualit y of the written job, a series of dose tests w ere p er-

formed, v arying the dose from 200 to 350 � C cm

� 2

. Sho wn in Fig 6.4 & 6.5 is

the impro v emen t after sev eral iterations of dose and dev eloping parameters.

Figure 6.4: E�ect of optimising the dose for 10 � m pad features: (left) -

Dose=350 � C cm

� 2

; (righ t) - Dose=250 � C cm

� 2

Figure 6.5: E�ect of optimising the dose for 3 � m Finger dio des: (left) -

Dose=350 � C cm

� 2

; (righ t) - Dose=250 � C cm

� 2

As an increase in dose required the e-b eam to b e inciden t on a sp ot for

longer, the cum ulativ e e�ect of bac kscattering resulted in the damage in the

resist as seen ab o v e. The optimal dose w as found to b e 250 � C cm

� 2

for a 60

s dev elopmen t step.

Bi-La y er Resists

As detailed in Chapter 2, bi-la y ers of resist are often use to enhance lift-o�

success. After trying v arious com binations, a noticeable impro v emen t in lift-
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o� w as found when 8% 2010 resist w as spun on 12% 2041 resist. The samples

w ere dev elop ed in 23

o

C 1:1 MIBK:IP A for 60 s. The impro v emen t can b e

seen in Fig 6.6.

Figure 6.6: Impro v emen t of lift-o� using bi-la y er resists

Metallisation

T o remo v e an y o xide la y er from the surface, the samples w ere cleaned in

a 1:1 HCl:R O w ater solution for 1 min ute. Metallisation w as p erformed

using a Plassys ev ap orator. Either a single metal or a com bination of metal

la y ers could b e dep osited. Ov erall thic knesses of >150 nm w ere used to help

prev en t scratc hing and piercing of con tacts b y the wire b onds. F or lift-o�, the

samples w ere placed in heated ( 60

o

C ) acetone for 5 min utes. In the ev en t of

failed lift-o�, un w an ted metals w ere remo v ed in the follo wing solutions: Au

(NaI:I: H

2

0 ), Ti (HF), Ni (HCl), Pd (A qua Regia - H C l : H N O

3

)

Photolithograph y

Photoresist patterning

S1818 w as the photoresist used for fabrication of the dio des. The photoresist

w as applied using a syringe and spun at 4000 rpm for 30 s. The samples

w ere soft bak ed for 30 min utes at 90

o

C to remo v e an y remaining solv en t in

the resist. The samples w ere then exp osed for 4.2 s using a Karl Suss Mask
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aligner. F or impro v emen t of lift-o� de�nition, the samples w ere soak ed in

c hlorob enzene for 15 min utes after UV exp osure. Dev elopmen t w as done

using a 1:1 microp osit : R O w ater solution for 150 s.

Metallisation

Metallisation w as p erformed in a similar fashion to that describ ed previously .

Examples of �nished dio des using photolithographic and e-b eam tec hniques

are sho wn in Figs 6.7 & 6.8.

Figure 6.7: Example of a GaN fabricated pad/ring detector using photolitho-

graphic tec hniques

Figure 6.8: Example of GaN fabricated MSM �nger dio des using e-b eam

tec hniques (left) - An arra y of 25, 50 and 100 � m �nger con tacts; (righ t) -

100 � m �nger con tact
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6.2.3 Electrical Characterisation

T o test the p erformance of the Sc hottky con tacts on the samples, dio des w ere

wire-b onded using a Hesse and Knipps Bondjet 710M and I-V c haracteristics

w ere tak en using a Keithley 237 electrometer.

Emcore GaN

Fig 6.9 sho ws the leak age curren t v ersus bias v oltage for 3 sets of iden ti-

cal pad/ring dio des fabricated on Emcore AlGaN and GaN dio des. Pd(150

nm)/Au(200 nm) w as used for the Sc hottky con tact. As b oth con tacts are

Sc hottky and w ere iden tical, only one p olarit y of bias is sho wn. It can b e

seen that the leak age curren t is signi�can tly higher for the AlGaN material.

Figure 6.9: I-V c haracteristics for dio des on Emcore GaN & AlGaN

The dark curren t (and hence the conductivit y) of the GaN is lo w er than

that of the AlGaN b y 3 orders of magnitude ( 10

� 4

A and 10

� 7

A resp ectiv ely

at 6 V). W e can also see that the leak age curren t v aries signi�can tly with

p osition of the con tacts on the w afer.
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T okushima GaN

Figure 6.10: I-V c haracteristics for dio des on T okushima GaN

Fig 6.10 sho ws the leak age curren t for iden tical dio des fabricated on

T okushima GaN. The results sho w a lo w er leak age curren t than for b oth

Emcore materials.

6.2.4 P ersisten t Photo conductivit y

PPC (P ersisten t photo conductivit y) is prev alen t in I I I-Nitrides. Fig 6.11

sho ws a series of I-V c haracteristics for AlGaN dio des after p erio ds (at ro om

temp erature) in a ligh t tigh t prob e station. Estimation of the pp c lev els w as

made b y �tting an exp onen tial deca y to lev els of leak age curren t at 10 m V

bias with v arying p erio ds of time in the dark. Fig 6.12 sho ws PPC lev els in

the Emcore AlGaN sample to deca y with a lifetime of � 62 min utes. Previous

w ork has suggested that the origin of pp c e�ects and large densities of p oin t

defects (previously describ ed in c hapter 5 as a YB PL p eak in this sample)

ma y arise from the same in trinsic defect [78].
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Figure 6.11: The drop in leak age curren t in AlGaN after p erio ds in dark

Figure 6.12: Example of PPC e�ects in AlGaN

6.3 Detector Optimisation

The follo wing section will no w rep ort the w ork done on reducing leak age

curren t lev els in the detectors, including v ariation of the dio de geometry . the

op erating temp erature, inclusion of passiv ation la y ers and the use of di�eren t

metals to increase the Sc hottky barrier heigh t.
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6.3.1 V ariation of Dio de Geometry

The I-V c haracteristics of dio des with �nger pitc hes of 25, 50 and 100 � m

are sho wn in Fig 6.13. The double Sc hottky junction can b e seen from the

Figure 6.13: (top) - I-V c haracteristics for MSM GaN dio des; (b ottom) -

E�ect of v arying �nger pitc h on the I-V c haracteristics of MSM GaN dio des

symmetrical shap es of the I-V c haracteristics. Fig 6.13 sho ws that increasing

the �nger pitc h increases leak age curren t lev els. Fig 6.13 sho ws this in more

detail, suggesting there is a p o w er la w dep endence on leak age curren t with

�nger pitc h. F rom these graphs, w e see that
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� The smaller the �nger pitc h, the smaller the leak age curren t

� A larger v ariation of applied bias is allo w ed for a smaller �nger pitc h if

the device is limited b y leak age curren t

6.3.2 V ariation of Op erating T emp erature

F or silicon, the leak age curren t of a detector can b e halv ed b y decreasing

the op erating temp erature b y � 7

o

C . This is b ecause for a p erfect in trinsic

semiconductor the carrier concen tration, n

i

, is giv en b y

n

i

/ T

2

exp ( � E

g

= 2 k T ) (6.1)

where E

g

is the bandgap and k is Boltzmann's constan t. As GaN is extrinsic,

exp erimen tally there ma y b e a less strong dep endance of leak age curen t with

temp erature. Using the TSC setup describ ed in c hapter 5, I-V c haracteristics

w ere p erformed at 100, 200 and 300 K for v arious GaN materials.

Figure 6.14: I-V c haracteristics for Emcore AlGaN & GaN tak en at v arious

temp eratures
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Emcore Material

Fig 6.14 sho ws the I-V c haracteristics for Emcore GaN & AlGaN at di�eren t

temp eratures. It can b e seen that lo w ering the temp erature do es ha v e an

e�ect on the leak age curren t of the GaN samples, where the bias at whic h

the compliance of 1 mA w as reac hed w as increased from 8 V to 12 V. Ho w ev er,

the e�ect of lo w ering the temp erature w as negligible for the AlGaN dio des.

6.3.3 Surface P assiv ation

A p ossible cause of the high leak age curren t in the AlGaN material w as

surface states in tro duced through defects suc h as dangling b onds [24]. One

w a y to suppress suc h e�ects is to passiv ate the surface of the material. F or

Si, passiv ation is most commonly ac hiev ed using S i

3

N

4

or S iO

2

. S i

3

N

4

w as

then dep osited on Emcore AlGaN material to assess an y reduction in leak age

curren t. Fig 6.15 sho ws that the use of S i

3

N

4

passiv ation made no di�erence

Figure 6.15: E�ect of S i

3

N

4

passiv ation on the I-V c haracteristics of Emcore

AlGaN

to lev els of leak age curren t, and so w ould not b e a b ene�cial fabrication step
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Metal Recip es �

M

(e V) �

B

GaN (e V)

Ti/Ni/Al/Au 4.33 0.22

Au 5.1 1

Pd/Au 5.12 1.02

Ni/Au 5.15 1.05

T able 6.1: W ork F unctions and asso ciated Sc hottky barrier heigh ts for v arious

metal con tact sc hemes on GaN

for suc h dio des.

6.3.4 Sc hottky Metals

The in�uence of v arious metals on the Sc hottky barrier w as in v estigated.

The metals used for Sc hottky con tacts w ere Pd, Au, Ni and Ti. The w ork

functions and asso ciated barrier heigh ts of the metals on AlGaN & GaN can

b e seen in T able 6.1. Fig 6.16 sho ws I-V c haracteristics for Ti and Ni con tacts

on AlGaN, and Pd and Au con tacts on GaN. The e�ect of using Au and Pd

Figure 6.16: E�ect of v arying Sc hottky metals on the I-V c haracteristics of

Emcore (Al)GaN

Sc hottky con tacts can b e seen in more detail in Fig 6.17. As Pd and Au
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are v ery similar in w ork function, using Pd instead of Au do es not increase

lev els of leak age curren t. F urthermore, Pd has previously b een sho wn to b e

more transparen t to UV ligh t than Au [79 ]. This means that Pd could b e

used for semi-transparen t con tacts. In this case, a p ortion of inciden t UV

radiation could b e detected b y areas of GaN under the �ngers themselv es,

thereb y increasing the "�ll-factor" of the device without increasing the ph ys-

ical dimensions of the dio de structure.

Figure 6.17: E�ect of Pd and Au Sc hottky con tacts on the I-V c haracteristics

of Emcore GaN

6.4 UV Characterisation

The previous section describ ed the dev elopmen t of the fabrication pro cesses

and electrical optimisation of the GaN detectors. An I-V c haracteristic w as

measured while the detector w as illuminated b y the source. Fig 6.18 sho ws

an increase in curren t b y 3 orders of magnitude for the un biased sample.

The follo wing section will no w describ e a ho w a more detailed examination

of sp ectral resp onse w as carried out using a deuterium lamp source coupled
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Figure 6.18: I-V c haracteristic for in terdigitated GaN detectors with/without

exp osure to UV

to an automated mono c hromator.

6.4.1 Theory

A photo detector can b e treated as an elemen t capable of accepting an optical

signal and pro ducing an electrical signal prop ortional to the optical signal.

When ligh t is inciden t on a photo detector, a carrier is pro duced when the

energy of the inciden t photon h� > E

g

. An y excess energy ( h� � E

g

) is

dissipated as heat to the lattice. The w a v elength of ligh t whic h is needed to

generated an in trinsic transition is de�ned b y

�

c

=

hc

E

g

=

1 : 24

E

g

( eV )

�m (6.2)

The quan tum e�ciency of a photo detector is then de�ned as the n um b er of

carriers generated p er inciden t photon. ie

� =

( I

p

=q )

( P

opt

=h� )

(6.3)
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where I

p

is the generated photo curren t, P

opt

is the optical p o w er of the ligh t

source and h� is the energy of the absorb ed photon. Another imp ortan t

parameter concerning photo detectors is the resp onsivit y , whic h is a ratio of

photo curren t to optical p o w er.

< =

I

p

P

opt

=

� q

h�

=

� � ( �m )

1 : 24

AW

� 1

(6.4)

6.4.2 Exp erimen tal Setup

A sc hematic diagram of the exp erimen tal set-up is sho wn in Fig 6.19. A deu-

Figure 6.19: Exp erimen tal setup for photoresp onse measuremen t

terium lamp w as used as the UV source ( �

out

= 180-400 nm). The mono c hro-

mator w as con trolled b y soft w are on the PC. Using this soft w are, the inciden t

ligh t could b e scanned in w a v elength across the sp ectrum of the lamp, and the

photoresp onse measured. Read-out electronics ampli�ed the photoresp onse

signal. The ampli�ed signal w as passed to a 10 bit Analogue to Digital Con-

v erter (ADC), con v erting the output v oltage signal in to bins of �xed width.

Eac h bin represen ts a v oltage in terv al. The n um b er of coun ts p er bin v er-
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sus w a v elength w as displa y ed using soft w are on the PC and displa y ed on an

oscilloscop e. F or the sp ectral resp onse measuremen ts, scans w ere p erformed

from 180 nm to 450 nm with 1 nm incremen ts. The photogenerated curren t

I

p

is giv en b y:

I

p

=

V

out

G � R

f

(6.5)

where V

out

is the output v oltage of the photo detector, R

f

is the v alue of

the feedbac k resistor and G is the gain. A Hamamatsu UV p o w er meter

w as used to �nd the optical p o w er output, P

opt

, of the deuterium lamp in

the range from 180 nm to 300 nm (Fig 6.20). The set-up w as calibrated

Figure 6.20: Output p o w er of the deuterium Lamp

using a Hamamatsu silicon photo dio de. An AlGaN photo detector whic h w as

also c haracterised allo w ed a comparison of the resp onsivit y and quan tum

e�ciency .

6.4.3 UV Resp onse Measuremen ts

The 25 and 100 � m in terdigitated GaN detectors w ere connected in series

with the trans-imp edance ampli�er with a 32 M 
 feedbac k resistor, designed
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Figure 6.21: Sp ectral resp onse for the 100 � m GaN photo dio de

Figure 6.22: Resp onsivit y measuremen ts for 25 � m and 100 � m in terlea ving

�nger dio des (op erated un biased)

and built at RAL [80 ]. The detectors w ere op erated un biased. The sp ectral

resp onse of the 100 � m MSM GaN dio de can b e seen in Fig 6.21. The re-

sp onsivit y of these detectors (Fig 6.22) is relativ ely �at o v er the bandgap at

� 30 mAW

� 1

. The detectors sho w a resp onse in the � 190 nm w a v elength

region, essen tial for use in sync hrotron applications. The lo w quan tum e�-

ciency (Fig 6.23) is though t to b e caused b y a com bination of trapping [81 ]

and the short di�usion length of minorit y carriers [82 ]. These measuremen ts

are in agreemen t with the sim ulation carried out b y Monro y et al [83 ], where
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Figure 6.23: Relativ e quan tum e�ciencies for the 4 tested detectors

it is prop osed that the quan tum e�ciency of in terdigitated dio des is strongly

in�uenced b y the �nger pitc h. The next section will no w describ e a no v el use

for suc h in terdigitated MSM GaN dio des - the study of protein folding

6.5 UV detectors for Proteomics

Proteomics is the study of the full expression of proteins b y cells in their

lifetime. Proteins are c hains of amino acids. F or amino acids to form a protein

the extended c hain of amino acids m ust "fold" in to a compact globular ob ject

with exactly the righ t shap e. It is imp ortan t to kno w more ab out the dynamic

and folded structures as this o�ers an insigh t to diseases suc h as Alzheimer's

disease and cystic �brosis, caused b y mis-folding of proteins. One metho d

of measuring the folding of proteins is p ossible through measuremen ts of

Circular Dic hroism, as detailed in the next section.
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6.5.1 Circular Dic hroism

CD (�g 6.24) is the measuremen t of the di�erence in absorption b et w een left

and righ t circularly p olarised ligh t as it passes through an optically activ e

medium. It is kno wn that eac h secondary structure of a protein has its o wn

Figure 6.24: A sc hematic represen tation of Circular Dic hroism

c haracteristic CD sp ectrum. T o study ho w a protein folds in to its sp eci�c

compact structure, CD measuremen ts m ust b e p erformed b elo w 260nm.

6.5.2 Sync hrotrons for UV

The need to mak e measuremen ts where the samples absorb strongly b elo w

200nm giv es rise to the need to use sync hrotron mac hines as sources of in tense

ligh t, utilising a range of UV not easily accessible using con v en tional CD

instrumen tation (Fig 6.25). A CD exp erimen t is therefore to b e p erformed

at the Daresbury sync hrotron radiation source (SRS) [72 ], utilising the higher

in tensit y and range of electromagnetic radiation in the hard UV range o�ered

b y a sync hrotron source ( < � 160 nm) [84 ]. Fig 6.26 sho ws an example of

the c haracteristic CD sp ectra for v arious secondary structure states. The

additional range of w a v elength, and th us signal when using a sync hrotron

radiation source source can also b e seen. As w ell as p o or ligh t sources,
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Figure 6.25: Comparativ e in tensities of UV ligh t from con v en tional CD in-

strumen tation and a sync hrotron radiation source

Figure 6.26: Sp ectral range p ossible using SR

CD measuremen ts su�er from the length of time as w ell as the relativ ely

large amoun ts of material needed for a complete measuremen t. In order to

minimise the impact of these t yp es of di�culties, a 46-c hannel arra y of UV

dio des w as prop osed to measure the w a v elengths 160-260 nm sim ultaneously

through the use of a di�raction grating (Fig 6.27).
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Figure 6.27: Energy disp ersiv e grating for sim ultaneous CD measuremen ts

6.5.3 Designs for GaN UV Detectors for Sync hrotron

Radiation Sources

A no v el design w as dev elop ed for the use of AlGaN as a p osition sensitiv e

UV detector - a structure that w ould b e ideal for energy disp ersiv e measure-

men ts. Instead of using a single in ter-digitated electro de structure for the

dio de, it utilises 46 dio des link ed b y a common ground. Eac h dio de is then

wire-b onded to a custom p cb, designed to �t in to a commercially a v ailable

DIP so c k et for connection to read-out electronics. This giv es �exibilit y in

the instrumen t's design b y pro viding mo dularit y and allo wing for the inde-

p enden t dev elopmen t of detector and read-out electronics. The design for

the p cb used is sho wn in Fig 6.28.

Figure 6.28: Sc hematic of the PCB for the 46 c hannel UV detector arra y on

AlGaN
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The initial design can b e seen in Fig 6.29. T o meet the requiremen t for

minimal dead area, the 46 c hannels (23 on eac h side) are spaced ev enly o v er

the length of the arra y . In this example, b oth the pitc h and width of the

�ngers w as 50 � m.

Figure 6.29: Initial design for 46 c hannel UV detector arra y on AlGaN

Ho w ev er, as seen from earlier w ork, the relativ e QE of an MSM detector

is greatly reduced unless the �nger pitc h <10 � m. Suc h a parameter in

the ab o v e design w ould either ha v e the dio des bunc hed together, creating

problems for the p cb read-out c hip, or the dio des w ould b e separated o v er

large areas, inducing large dead areas. The design should consist of �nger

dio des with �nger spacings of � 10 � m and a regular separation. These

parameters w ere incorp orated in the �nal design detailed in Fig 6.30.

Figure 6.30: Completed design for 46 c hannel UV detector arra y on AlGaN
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This design separates the crucial parameter of �nger pitc h from the spac-

ing requiremen ts. The n um b er of dio des can b e increased or decreased with-

out a�ecting the �nger pitc h and th us the theoretical upp er limit of QE of

the detector. Moreo v er, the �nger pitc h can b e reduced b elo w 10 � m.

6.6 Summary & F uture W ork

The w ork in this c hapter has detailed the dev elopmen t of fabrication pro-

cesses in b oth photolithograph y and e-b eam lithograph y for the pro duction

of MSM UV detectors on (Al) GaN. A practical pro cess no w exists for pro-

duction of in terdigitated MSM Dio des on GaN, with �nger pitc hes < 5 � m.

The fabrication pro cess incorp orates tec hniques suc h as using bi-la y ers of re-

sist and c hlorob enzene soaks for lift-o� enhancemen t. Successfully fabricated

detectors ha v e b een optimised for the metal con tact shemes used for Sc hottky

con tacts, allo wing for the p ossibilit y to use Pd con tacts for semi-transparen t

con tacts. Exp erimen ts sho w ed that the leak age curren t could b e reduced b y

decreasing the �nger pitc h of in terdigitated MSM dio des.

A ratio of 10

3

:1 is seen for lev els of photo curren t against dark curren t.

F ull UV c haracterisation of the dio des sho ws go o d p erformance in the 190 nm

region when un biased, with the resp onsivit y relativ ely �at o v er the bandgap.

Although the lev el of resp onsivit y is lo w, unlik e UV silicon, there is still no

need for �lters for the visible range. Also unlik e diamond (where the cut-o�

w a v elength is � 225 nm), all w a v elengths under 365 nm are detectable. Using

these results, a 46 c hannel dio de arra y on GaN has b een designed for use in

CD measuremen ts to b e p erformed at the Daresbury Sync hrotron Radiation

Source. The dimensions w ere c hosen so that the dio de can b e easily wire

b onded to a commercially a v ailable DIP so c k et The �nished design allo ws
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Figure 6.31: Example of fabricated 5 � m and 10 � m MSM dio des on GaN

the dio des to b e separated b y distances of millimetres, whilst the detectable

quan tum e�ciency will b e determined b y the pitc h of the �ngers. Semi-

transparen t con tacts are to b e made using Pd metal to optimise the activ e

area. The detector can also b e op erated un biased. T o test if the QE impro v es

with a reduced �nger pitc h, a set of test arra ys with b oth 5 � m and 10 � m

�ngers ha v e b een fabricated (Fig 6.31) and a w ait c haracterisation.



Chapter 7

ICP etc hing

7.1 In tro duction

This section will rep ort on a study of the dev elopmen t of a dry etc h pro cess

of silicon using a Surface T ec hnology Systems (STS) inductiv ely coupled

plasma (ICP) mac hine [20 ]. The e�ect of v arying the hole diameter on the

etc h rate of vias in silicon is sho wn, as w ell as the use of "parameter ramping"

to increase the p erformance of the etc h for deep holes. Results for proton

irradiated silicon 3D detectors fabricated using the mo di�ed etc h recip e are

sho wn. A recip e w as dev elop ed for etc hing vias >50 � m deep, allo wing

for the fabrication of a shado w mask for the realisation of metal con tacts.

Finally , preliminary results for ICP etc hing of GaAs using a non-carb on based

c hemistry are sho wn.

7.2 Etc h Rate T ests

T o fabricate successfully micromac hined devices suc h as 3D detectors, it is

imp ortan t to calculate the (diameter dep enden t) etc h rate of holes. F or this, a

photolithographic mask w as fabricated using e-b eam lithographic tec hniques.

The mask consisted of arra ys of circles with 10, 20, and 30 � m diameters.

148
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4" diameter, 330 � m thic k Si w afers w ere scrib ed in to quarters and sol-

v en t cleaned (as describ ed in c hapter 2). After spinning on HMDS, AZ4562

photoresist w as applied using a syringe. AZ4562 is a relativ ely high viscos-

it y resist compared to classical resists used in thin-�lm lithograph y , suc h as

S1818, resulting in a thic k er la y er of resist. Ho w ev er, spinning this resist at

the standard sp eed (4000 rpm) pro duces a la y er of just 6.2 � m. In order to

increase the thic kness of the la y er, the spin sp eed w as reduced to 1500 rpm,

pro ducing in a resist la y er of � 15 � m thic kness. The increased thic kness of

the la y er is necessary to ensure the mask surviv es for the duration of the

etc h. The sample w as bak ed for 30 min utes at 90

o

C to remo v e all solv en ts

Step Etc h P assiv ation

Gas S F

6

/ O

2

C

4

F

8

Flo w Rate (sccm) 130/10 85

Time (s) 13 7.5

Platen P o w er (W) 15 15

Coil P o w er (W) 600 600

T able 7.1: Etc h c hemistry used for holes < 30 � m diameter

in the photoresist. The samples w ere exp osed on a MA6 mask aligner for 30

seconds. The samples w ere dev elop ed for 4 min utes in a solution of 1:4 AZ

400K dev elop er. A p ost-bak e of 15 min utes w as done at 90

o

C. Starting from

an etc h duration of 40mins, the samples w ere etc hed with 20 min incremen ts

with an STS ICP mac hine using an optimised recip e (sho wn in T able 7.1).

After etc hing, the samples w ere then cleaned, cut either side of the arra ys

using a w afer scrib er, and clea v ed. The depth of the holes w as measured

using a scanning electron microscop e. Fig 7.1 sho ws samples of the holes as

view ed with the SEM, while Fig 7.2 sho ws the etc h hole depth for v arying
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Figure 7.1: Examples of ICP etc hed silicon using an AS E

T M

pro cess at

Glasgo w

Figure 7.2: Etc h rates for v arying diameters of holes using an ICP system

nominal hole diameters o v er a range of etc h times. The graph sho ws that

there is a lo w er etc h rate for smaller features. This is primarily due to the

�nite distance the etc han t ions can tra v el do wn the holes. This ev en tually

puts a limit on the depth of these features for a decreasing diameter of holes.

A t this p oin t, etc h damage from ph ysical sputtering can dominate, and the

holes are often seen to widen at the top, creating a conical-shap ed feature.

The b est asp ect ratio (depth/diameter) ac hiev ed w as 14:1 for 10 � m holes. In

parallel, prepared silicon samples w ere etc hed using STS's R&D section at
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Figure 7.3: Examples of ICP etc hed silicon using an AS E

T M

pro cess at STS

their Newp ort plan t. STS used an optimised mo di�cation of the recip e used

at Glasgo w. SEM's of the etc hed samples are sho wn in Fig 7.3. Etc h depths

for 10 � m diameter holes of up to 170 � m (asp ect ratios of 17:1) pro duced b y

STS ha v e b een ac hiev ed.

7.2.1 P arameter Ramping

F or the etc hing of v ery high asp ect ratio features, it is frequen tly necessary

to mak e alterations to the etc h parameters as the pro cess con tin ues. This

arises from the fact that the parameter settings needed for a v ertical pro�le

at the start of the etc h are di�eren t from those at the end when the asp ect

ratio is high. By altering - or ramping - the follo wing parameters, w e can

increase the maxim um ac hiev able asp ect ratios without sacri�cing features

suc h as sidew all smo othness and v erticalit y .

Pro cess pressure

In general terms, the deep er the hole, the few er the etc han t sp ecies presen t

at the b ottom. Increasing the pro cess pressure results in a higher etc h rate

mainly due to increasing the n um b er of �uorine radicals presen t in the hole.

Unfortunately , this can lead to p o or pro�le con trol in the case of high as-
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p ect ratio features. Because of the increased isotrop y of the etc h, b o wing

and closing up of features can o ccur. This is mainly due to the increased

scattering of ions at higher pressures, increasing the tendency to etc h later-

ally . F eature con trol can b e impro v ed b y reducing the pro cess pressure, but

with this comes an increase in mask etc h rate, and so a reduction in pro cess

selectivit y as a consequence of the increased ion energy .

Platen p o w er

F or high asp ect ratio features, applying a high platen p o w er can a v oid the

closing up of trenc hes to w ards the b ottom of the features. A higher platen

p o w er can also help remo v e the passiv ation la y er at the base of the features

but this ma y lead to an increase in the mask erosion rate, resulting in a

reduction in selectivit y .

P arameter Ramping Etc h T ests

Figure 7.4: 10 � m holes - (left) start, (middle) �nish and (righ t) ramp ed

parameters

Samples with 10, 20 and 30 � m holes w ere sen t to STS for etc hing in

an ICP whic h had ramping soft w are installed. T o compare the etc hes with

and without ramping, three 100 min ute runs w ere etc hed: one at the starting
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Figure 7.5: 20 � m holes - (left) start, (middle) �nish and (righ t) ramp ed

parameters

Figure 7.6: 30 � m holes - (left) start, (middle) �nish and (righ t) ramp ed

parameters

conditions, a second at the �nishing conditions, and a third ramping b et w een

the start and �nishing conditions (where the pressure w as reduced and the

platen p o w er increased through the course of the etc h). The details from

eac h run are listed in T able 7.3. SEM pictures of the �nished etc hes for

eac h run can b e seen in Figs 7.4, 7.5 & 7.6. The results sho w that with

lo w platen p o w er and high pressure, selectivit y is high but the holes tend to

close up. This closing of the holes limits the ac hiev able depth. With high

platen p o w er and lo w pressure the holes are v ertical with no indication at

this depth of closing up, but the selectivit y is p o or and so the hole depths

are limited b y the mask thic kness. By ramping the platen p o w er up and the
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pressure do wn v ertical holes can b e etc hed with reasonable selectivit y and a

fa v ourable compromise is reac hed. Asp ect ratios of � 20:1 for 10 � m holes

w ere ac hiev ed, pro viding an additional depth of 30 � m o v er con v en tional

AS E

T M

tec hniques.

Recip e Start Ramp ed Finish

Mask ER (nm/min) 11 18 63

Hole Diameter ( � m) 10 20 30 10 20 30 10 20 30

ER ( � m/min) 1.9 2.7 3.3 2 2.7 3 2 2.5 2.7

Pro�le (

o

) 89.5 89.5 90.6 89.4 89.8 89.7 89.9 90.1 90.1

T able 7.2: Details of the ICP etc hing of Si using parameter ramping

This section has sho wn ho w it is p ossible to create features with small

diameters and large asp ect ratios. The abilit y to fabricate suc h features in

silicon has b een utilised for sev eral applications. These include micro�uidic

devices (an example of whic h is sho wn in section 7.4), gaseous electron m ul-

tipliers (GEMs) and particle detectors implemen ting a 3D top ology . Using

suc h a geometry has ma jor p ossible adv an tages o v er traditional planar de-

tectors fabricated from silicon. The theory , fabrication and c haracterisation

of suc h detectors will no w b e sho wn in the follo wing section.

7.3 3D Detectors

In order to coun teract the need for high bias v oltages for high c harge col-

lection e�ciency in radiation damaged planar silicon radiation detectors,

geometries exploiting 3D structures etc hed deep in to the bulk of a material

ha v e b een prop osed [85 ]. The planar con tacts to the fron t and bac k are re-

placed b y cylindrical electro des running through the bulk of the material (Fig

7.7). The electro des can b e arranged in a hexagonal closed pac k ed geome-
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Figure 7.7: The geometry of a 3D detector [30]

try , giving a more uniform electric �eld b et w een the cen tral and surrounding

electo des. The e-h pairs created b y an incoming particle are accelerated in a

direction parallel to the w afers surface, to w ards the nearest electro des.

The top ology of 3D detectors means the depletion depth needs to extend

only as far as the distance b et w een eac h pair of opp ositely biased electro des.

F or example, if the distance b et w een pairs of electro des is 25 � m, the deple-

tion v oltage w ould b e � 1-5 V, in con trast to a standard 300 � m thic k silicon

pixel detector, where depletion o ccurs at � 50-70 V. 3D detectors ma y also

o�er impro v ed radiation tolerance of detectors. The short collection times

ac hiev able due to the close appro ximit y of the electro des ma y mean created

e-h pairs migh t not b e trapp ed b y radiation induced defects, as the collection

time is shorter than the trapping time of this material in this con�guration.

Another adv an tage is that the lateral depletion length is equal to half the

distance of the pixel pitc h, no matter whic h thic kness of detector. This is

plainly not the case for standard planar detectors, where the depletion depth

is the thic kness of the detector. This means that the lateral dead area of the
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Figure 7.8: Cross-section of c harge collection in (left) standard planar and

(righ t) 3D detectors [30]

detectors is minimised, as the activ e area can b e close to the cut edges of the

detector. Another adv an tage of the 3D top ology is that the activ e v olume can

b e increased without increasing the op erating v oltage. This is ac hiev ed b y

increasing the thic kness of the material used for the detector. This tec hnology

could b e used to increase the e�ectiv e stopping p o w er of materials and mak e

them useful for energy ranges previously considered unpractical for X-ra y

detection.

As stated in c hapter 4, along with in v estigation of new materials, researc h

has b egun in to alternativ e detector geometries for a p ossible impro v emen t in

radiation hardness. Suc h examples are edgeless [86 ] and thinned detectors

[87]. The follo wing section will no w describ e some of the w ork carried out on

in v estigating 3D detectors for radiation hardness.
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7.3.1 3D Sc hottky Si Detectors

Sc hottky con tact 3D silicon detectors w ere fabricated b y P atric k Ro y and

Giulio P ellegrini using holes drilled with an ICP recip e optimised for 10 � m

holes [30]. Holes w ere etc hed using an ICP to a depth of 130 � m, with a

diameter and pitc h of 10 and 85 � m, resp ectiv ely . Sc hottky metal con tacts

w ere formed using 50 nm Ti and 100 nm Au. 150nm Al in terconnecting trac ks

(15 � m wide) w ere realised on the w afer surface (Fig 7.9). The devices w ere

Figure 7.9: Geometry of holes and con tacts on 3D Sc hottky Si detectors

irradiated with the proton range listed in T able 7.3. The proton irradiations

w ere carried out at CERN in the facilit y describ ed in c hapter 4.

Sample Fluence ( � 10

13

pcm

� 2

)

1 1.06

2 8.11

3 45.2

T able 7.3: Range of proton �uences used to irradiate Sc hottky 3D silicon

detectors

7.3.2 Results

Fig 7.10 sho ws the I-V c haracterstics that w ere obtained from the irradi-

ated dio des. Using the I-V c haracteristics, the linear dep endence b et w een
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Figure 7.10: Curren t-V oltage c haracteristics for proton irradiated 3D Sc hot-

tky Si detectors

increased leak age curren t and irradiating �uence, � [as de�ned in c hapter 4]

w as used to calculate the damage co e�cien t � to b e 1.62 � 10

� 7

nAcm

� 1

(Fig

7.11). CCE measuremen ts w ere carried out (according to the metho d used

Figure 7.11: The linear increase of leak age curren t with proton �uence

in c hapter 4) using an Am

241

� source. The maxim um ac hiev able CCE w as

calculated to b e � 60% for the unirradiated detectors. The CCE w as then

seen to fall to � 5% after 4.52 � 10

14

p/ cm

2

(Fig 7.12).
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Figure 7.12: CCE lev els for proton irradiated 3D Sc hottky Si detectors

The p o or p erformance of the CCE lev els after irradiation [85 ] [88 ] ma y b e

due to a v ariet y of reasons. These include the p ossible inhomogeneities in the

Sc hottky metal / hole sidew all in terface or the generally p o or p erformance

of Sc hottky con tacts on silicon due to the lo w barrier heigh t. The samples

w ere also held at - 5

o

C for a sustained p erio d of time, and although annealing

should not ha v e tak en place, some detrimen tal e�ect ma y ha v e o ccurred.

3D p-n detectors utilising dop ed holes (a con�guration whic h has pro v ed

successful in other w ork [89]) are to b e fabricated for comparativ e testing.

7.4 A dditional ICP Etc hing T ec hniques

So far, this c hapter has discussed the optimisation of an ICP system and its

use for the fabrication of 3D detectors from silicon. Ho w ev er, suc h tec hnology

can b e used for a wider range of applications. This section will no w describ e

the w ork carried out on some of these, including the use of a through-etc hed

silicon w afer for metal masks and for the fabrication of a micro�uidic mixing
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device. A dditionally , results are sho wn for the etc hing of small diameter holes

(10 � m) in GaAs using an STS ICP mac hine.

7.4.1 Silicon Devices

One p ossible application of through-etc hed silicon w afers is in the �eld of

shado w masks for the realisation of metal con tacts. Prof. Mohan Lal from

Indian Imp erial Univ ersit y required a through etc hed silicon w afer for metal

dep osition for solar cells on Kapton. The design featured �ngers with a width

and length of 650 and 18000 � m resp ectiv ely , with 325 � m spacings. T o

Figure 7.13: Pictures of (left) - a test structure with v arying through-etc h

dimensions; (righ t) - a shado w mask for metal con tact realisation

optimise the etc h recip e for fabrication of features >50 � m, a test structure

mask w as pro cessed with v arious feature shap es and dimensions. V ariations

w ere applied to the platen p o w er and dep osition time. An example using

the resultan t optimised etc h is sho wn in Fig 7.13, with the parameters of the

recip e detailed in T able 7.4. Fig 7.13 also sho ws the �nished shado w mask.

The w afer w as subsequen tly fabricated and etc hed as in section 7.2.1. The

etc h time w as increased to 120 min utes. A further example of the use of the

optimised recip e describ ed is sho wn in Fig 7.14 & 7.15, illustrating sections

of a silicon etc hed micro�uidic mixing device.
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Etc h P assiv ation

Gas S F

6

C

4

F

8

RF (W) 600 600

Platen (W) 12 12

Time (s) 13 7

Flo w Rate (sccm) 130 85

Platen T emp(K) 293 293

T able 7.4: ICP Etc h recip e for Si with features >50 � m

This device had 50 � m deep c hannel features. The gap b et w een the

c hannel and c ham b er is 5 � m wide. The high qualit y of the etc h is eviden t

in the sidew all formation, where the p olygonal nature of the circles de�ned

b y the CAD program W AM is visible on the circular c ham b er after etc hing.

7.4.2 ICP etc hing of GaAs

While a signi�can t b o dy of w ork has b een published on the etc hing of silicon

using a switc hed pro cess, this is not the case for GaAs. Instead of using S F

6

and C

4

F

8

, C l

2

-based gases and a mixture of C H

4

and S iC l

4

are used for the

etc h and passiv ation c hemistries, resp ectiv ely . F or the case of carb on based

c hemistries, the con tamination in the c ham b er is a ma jor detrimen tal factor:

carb on build up in the c ham b er w alls can lead to �ak es falling on the sample,

ruining the etc h. Hitherto no results ha v e pro duced evidence of a switc hed

pro cess (eg scalloping) or of asp ect ratios greater than 3:1 [90 ] using non

carb on based c hemistries. W ork w as carried out using STS R&D facilities

in to alternativ e c hemistries for the etc hing of GaAs.
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Figure 7.14: Pictures of the Etc hed Micromixer; (left) - c ham b er and c hannel,

(righ t) - c ham b er in more detail

Figure 7.15: Pictures of the Etc hed Micromixer; (left) - merging of input and

output c hannels section, (righ t) - output c ham b er

Results

A set of GaAs samples with arra ys of 10 � m holes w ere fabricated as describ ed

in section 7.2.1. Plastic t w eezers w ere used for handling the GaAs w afers to

inhibit the in tro duction of micro crac ks in to the material. An initial sample

w as etc hed with a starting recip e, using C l

2

as the etc h gas and B C l

3

and

O

2

in the dep osition step. An adjustmen t w as made to one parameter at a

time. The mo di�cations to the recip e are sho wn in table 7.5, with results of

the c hanges in the etc h prop erties sho wn in Fig 7.15.

A signi�can t impro v emen t can b e seen from the starting to the �nishing

etc h. The striations eviden t in picture 4 and 5 w ere caused b y the failure
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Figure 7.16: Examples of the impro v emen t in etc h qualit y and rate for ICP

pro cessed GaAs

to remo v e fully the passiv ating la y er from the b ottom of the holes. The

isotropic - or stra wb erry - etc h (3) w as caused b y not enough passiv ation

on the side w all. The �nal picture (8) sho ws a hole with the �rst ob erv ed

example of scalloping (sho wing evidence of a switc hed pro cess) in GaAs using

a non-carb on-based c hemistry . Asp ect ratios of 4.5:1 w ere ac hiev ed.

7.5 Summary & F uture W ork

In this c hapter, a relationship b et w een hole diameter and etc h rate has b een

successfully established, allo wing greater con trol o v er etc h depths. An upp er

limit asp ect ratio for 10 � m holes of 14:1 w as ac hiev ed using the AS E

T M

pro cess in an STS ICP . An impro v ed asp ect ratio of 17:1 w as ac hiev ed us-



ICP Etc hing 164

Step Commen t

1 Starting Conditions

2 A dd B C L

3

to the etc h step

3 Reduce pass time

4 Increase etc h time

5 Increase pro cess time

6 Reduce platen p o w er on pass step

7 Increase etc h time

8 Increase pro cess time

T able 7.5: Optimisation of GaAs ICP etc h recip e

ing STS's o wn R&D ICP mac hine. V arying the platen p o w er and pressure

throughout the course of an etc h has sho wn the adv an tages of utilising param-

eter ramping to increase the p erformance of the etc h. Using the optimised

recip es, fabricated 3D silicon detectors w ere tested after proton irradiations

for their radiation hard prop erties. The CCE w as found to drop signi�can tly

after irradiation (from 60 to 5% after 5 � 10

14

p cm

� 2

), although this is though t

to b e due to the inhomogeneities in the Sc hottky metal / hole sidew all in ter-

face. 3D p-n silicon detectors are curren tly b eing fabricated for comparativ e

testing. The recip e has b een mo di�ed for etc hing of vias >50 � m. This al-

lo w ed the fabrication of a shado w mask for the realisation of metal con tacts.

The recip e w as also demonstrated to b e of use in fabricating micro�uidic de-

vices. Impro v emen ts in the ICP etc hing of GaAs using a non-carb on based

c hemistry w ere sho wn to b e p ossible. The abilit y to create suc h vias in GaAs

op ens the p ossibilit y for impro v ed X-ra y detection using 3D GaAs detectors.

Ho w ev er, the asp ect ratio and ac hiev able etc h depth need to b e m uc h im-

pro v ed in order for this to b ecome attractiv e. Similar pro cess dev elopmen t

is also under in v estigation using the photo c hemical etc hing of GaAs for suc h
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purp oses.



Chapter 8

Conclusions

8.1 Conclusions

In this thesis, a range of GaN samples tested w ere sho wn to p ossess go o d

electrical prop erties, ensuring its e�ectiv eness as a detection material. The

lo w leak age curren ts measured allo w detectors to op erate with lo w noise lev els

at high biases. A drop of 18% in CCE is measured after T okushima gro wn

material is irradiated with a �uence of 10

14

n cm

� 2

. Although this drop is

signi�can t, the dio de requires no increase in op erating v oltage. The dio des

w ere also tested pre- and p ost-irradiation at ro om temp erature. Stabilising

b oth the op erating bias and temp erature is b ene�cial when considering the

p o w er necessary for con tin uous op eration of a detector. The tested irradiated

detectors, ho w ev er, sho w ed a rapid decrease in CCE v alues for v ery high

hadronic �uences ( 10

16

particles cm

� 2

).

Within this w ork photoluminescence sp ectroscop y , micro w a v e absorption,

photo conductivit y and thermally stim ulated curren t measuremen ts w ere used

to c haracterise defects in a wide range of GaN materials. These included

T okushima gro wn material irradiated with X-ra ys, protons and neutrons,

Emcore gro wn GaN and AlGaN and CST gro wn Mg dop ed GaN. In v estiga-

166
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tion of the irradiated samples indicated an increase in non-radiativ e recom-

bination cen tres. This w as sho wn through a decrease in all PL p eaks, and

through the decrease in the instan taneous carrier lifetimes from MW A and

PC measuremen ts. An increase in asymptotic lifetimes suggests that excess

carriers undergo a m ulti-trapping pro cess after irradiation. PL measure-

men ts also indicate a rapid decrease in in tensit y for the YB p eak, indicating

a transformation of p oin t defects in to non-radiativ e cen tres. Dislo cation de-

fects app ear to b e unc hanged with irradiation.

Photoluminescence sp ectra w ere also used to iden tify the molar fraction

of Al presen t in an Emcore AlGaN w afer, whic h w as found to b e � 10%.

PL w as used to sho w that increasing TMG �o w rates in MOCVD gro wth

can signi�can tly increase b oth p oin t and dislo cation defects. The activ ation

of Mg dop ed GaN w as also v eri�ed using PL sp ectra. A common defect

with activ ation energy of � 0.675 e V is found for t w o t yp es of Emcore GaN

material using b oth TSC and MW A measuremen ts. The v ariet y of trap lev els

found throughout the materials is consisten t with previous results, suggesting

n umerous material dep enden t defect lev els in thin GaN �lms.

Photolithographic and e-b eam lithographic fabrication tec hniques w ere

dev elop ed in this w ork for the pro duction of MSM UV detectors on Emcore

gro wn (Al)GaN. A practical pro cess no w exists for pro duction of in terdigi-

tated MSM Dio des on GaN, with �nger pitc hes < 5 � m. The fabrication pro-

cess incorp orates tec hniques suc h as using bi-la y ers of resist and c hlorob en-

zene soaks for lift-o� enhancemen t. Successfully fabricated detectors ha v e

optimised metal con tact sc hemes used for Sc hottky con tacts, allo wing for

the use of Pd con tacts for semi-transparen t con tacts. Exp erimen ts sho w ed

that the leak age curren t could b e reduced b y decreasing the �nger pitc h of
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in terdigitated MSM dio des. A ratio of 10

3

:1 is seen for lev els of photo curren t

against dark curren t. F ull UV c haracterisation of the dio des sho w ed go o d

p erformance in the 190 nm region when un biased, with the resp onsivit y rela-

tiv ely �at o v er the bandgap. Although the lev el of quan tum e�ciency is lo w,

unlik e UV silicon, there is no need to �lter out the visible range. Also unlik e

diamond (where the cut-o� w a v elength is � 225 nm), all w a v elengths under

365 nm are detectable.

Using fabrication pro cesses dev elop ed in this w ork, a 46 c hannel dio de

arra y on GaN has b een designed for use in CD measuremen ts to b e p erformed

at the Daresbury Sync hrotron Radiation Source. This design incorp orated

the �rst ev er use of in terdigitated �nger dio des on GaN for p osition sensitiv e

ligh t detection. The dimensions of the �nger dido es ha v e b een c hosen so

that the detector can b e easily wire b onded to a commercially a v ailable DIP

so c k et. The �nished design allo ws the dio des to b e separated b y distances of

millimetres, whilst the detectable quan tum e�ciency will b e determined b y

the pitc h of the �ngers. The detector can also op erate un biased.

Finally in this w ork, an STS ICP system has b een used for the creation

of vias in silicon and gallium arsenide, for the pro duction of 3D detectors.

A relationship b et w een hole diameter and etc h rate has b een successfully

established, allo wing greater con trol o v er etc h depths. An upp er limit of

14:1 asp ect ratio for 10 � m holes w as ac hiev ed using the AS E

T M

pro cess

in an STS ICP . An impro v ed asp ect ratio of 17:1 w as ac hiev ed using STS's

o wn R&D ICP mac hine. V arying the platen p o w er and pressure throughout

the course of an etc h has sho wn the adv an tages of utilising parameter ramp-

ing to increase the p erformance of the etc h, where an asp ect ratio of 20:1

w as ac hiev ed. Using the optimised recip es, fabricated 3D silicon detectors
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w ere tested after proton irradiations for their radiation hard prop erties. The

CCE w as found to drop signi�can tly after irradiation (from 60 to 5% after

5 � 10

14

p cm

� 2

), although this is though t to b e due to the inhomogeneities

in the Sc hottky metal / hole sidew all in terface. The recip e w as then mo d-

i�ed for etc hing of vias >50 � m. This enabled the fabrication of a shado w

mask for the realisation of metal con tacts. The recip e w as used in fabricat-

ing micro�uidic devices. Impro v emen ts in the ICP etc hing of GaAs using a

non-carb on based c hemistry w ere sho wn.

8.2 F uture W ork

T o use GaN as a particle detecting material for large exp erimen ts, the yield

of material m ust increase. GaN gro wn on sapphire cannot utilise man y dio de

con�gurations, as con tacts cannot b e realised to the bac k of the substrate.

An increase in thic kness of GaN from 2 � m w ould also b e necessary for its

use as a trac king detector. Curren tly , in v estigations are ab out to b egin using

thic k er GaN. This will in v olv e the fabrication and testing of detectors made

from b oth 25 � m thic k and bulk ( > 250 � m) GaN.

Initial c haracterisation of the dio de designed in this w ork for circular

dic hroism measuremen ts is required. F or this, fabricated arra ys with 5 � m

and 10 � m �ngers are to b e tested for impro v emen t of leak age curren t, re-

sp onsivit y and quan tum e�ciency . Results from this w ork ha v e suggested

optimisation of the activ e area can b e made using semi-transparen t Pd metal

con tacts. T esting of the �nished device should b egin in Spring 2005 in con-

junction with the Daresbury sync hrotron radiation source and Rutherford

Appleton Lab oratories

The recip es dev elop ed for use with an STS ICP for the etc hing of silicon
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will form the basis of sev eral pro jects. The abilit y to etc h deep holes in sil-

icon can no w b e utilised for the fabrication of gaseous electron m ultipliers

(GEMs), micro�uidic devices and p-n based 3D detectors. Suc h p-n junc-

tions are no w b eing fabricated and their radiation hard prop erties will b e

c haracterised again using protons and neutron irradiation and CCE degra-

dation and increased leak age curren ts. The abilit y to create vias in GaAs

has op ened the p ossibilit y for the fabrication of 3D GaAs detectors. Suc h

detectors could b e used for impro v ed X-ra y detection. Similar pro cess dev el-

opmen t is also under w a y in to the photo c hemical etc hing of GaAs for suc h

purp oses.
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