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Introduction – why 3D? ︎

1 	Build	an	ultra	radia.on	tolerant	par.cle	detector.	
2 	Improve	the	performance	of	polycrystalline	diamond	for	high	

	precision	par.cle	detectors.	
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Charged	par.cle	

Electron-
hole	pairs	

Planar	

•  Carriers	have	to	travel	a	much	shorter	distance	in	3D	to	get	
equivalent	charge	induced.	

•  τ	decreases	with	radia.on	exposure.	
•  τ	is	smaller	in	polycrystalline	diamond	than	in	single	crystal	diamond.	

i	=	Ewqν	
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n(t)	=	n0e-t/τ	

Carrier	life.me	

Number	of	carriers	
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Introduction - applications︎

•  High	energy	physics:	

•  Medical	dosimetry	(proton	therapy):	
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Column formation - laser processing ︎

pulsed	
laser	
light	

diamond	

•  Laser	wavelength	=	800nm.	
•  Laser	pulse	length	=	120fs.	
•  Transform	sp3	diamond	(non	conduc.ve	

material)	into	a	combina.on	of	diamond-like	
carbon,	amorphous	carbon	and	graphite	
(conduc.ve	material).	

f	
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Column production ︎

Diamond	

Laser	
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Column production ︎
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Column production ︎
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Column production ︎
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Column production ︎
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Column production ︎
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Column production ︎
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Column production ︎
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Column production ︎

Diamond	

Laser	

Exit	surface	

Seed	surface	
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Objective lens︎

Numerical	Aperture	(NA):	
•  Higher	NA	à	Increased	focal	resolu.on.	
	

[6]	Kroto	Imaging	Facility,	The	University	of	Sheffield.	

NA	=	n.sinΘ	=	f.R	

Refrac.ve	index	 Focal	length	

Pupil	radius	
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Light aberration ︎

Simulated	
depth	=	40	μm	
	

fs	laser	
light	

Measured	
depth	=	40	μm	
	

	
depth	=	80	μm	
	

	
depth	=	130	μm	
	

Drilling	efficiency 	 	~	90	%	
(best	achieved)	
	

Resis.vity	 	 	 	~	1Ω	cm	
	

Diameter	 	 	 	~	6	μm	

[4],	[5]	



First particle tracking measurement ︎
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planar 
strip

detector

3D phantom 3D detector

[7]	F.Bachmair	et	al.,	NIMA	786	(2015)	97-104	



First particle tracking measurement ︎
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planar 
strip

detector

3D phantom 3D detector

[7]	F.Bachmair	et	al.,	NIMA	786	(2015)	97-104	



Spatial Light Modulator (SLM) correction ︎

φ

ν	=	c/n(θ)	
Speed	of	light	in	medium	

Refrac.ve	index	

y/
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Laser setup ︎

fs	laser	

diamond	
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Laser setup – Manchester ︎

1	 2	
4	

5	

6	

7	

3	
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Light aberration – SLM corrected ︎

Simulated	
depth	=	40	μm	
	

Measured	
depth	=	40	μm	
	

	
depth	=	80	μm	
	

	
depth	=	130	μm	
	

Drilling	efficiency 	 	~	100	%	
(consistent)	
	

Resis.vity	 	 	 	~	0.1	Ωcm	
	

Diameter	 	 	 	~	1	μm	

fs	laser	
light	

[4],	[5]	
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Parameter space scan ︎

5um/s	 10um/s	 20um/s	
	

30um/s	

100nJ	 x	 x	

200nJ	 x	 x	 x	

300nJ	 x	 x	 x	

400nJ	 x	 x	 x	

500nJ	 x	 x	

600nJ	 x	

Transla.on	speed		
Be

am
	e
ne

rg
y	

•  Repeat	with	and	without	SLM.	
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X polarisers︎

4	
m
m
	

4	mm	

•  Op.cal	grade	single	crystal	diamond.	
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X polarisers︎

4	
m
m
	

4	mm	

•  Post	processing.	
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Column production ︎

Exit	surface	

Seed	surface	



Surface measurement︎

•  Seed	surface	
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•  Exit	surface	

With	SLM	
10um/s	
400nJ	

2um	 5um	



Surface measurement︎

•  Seed	surface	
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•  Exit	surface	

Without	SLM	
10um/s	
400nJ	

5um	

1200 1300 1400 1500 1600 1700
0

2000

4000

6000

8000

10000

12000

14000

16000

Raman Shift [cm−1]

In
te

ns
ity

 [a
.u

.]

 

 

Data
Graphite D
Graphite G
Diamond
Fit

2um	

1200 1300 1400 1500 1600 1700
0

1000

2000

3000

4000

5000

6000

7000

Raman Shift [cm−1]

In
te

ns
ity

 [a
.u

.]

 

 

Data
Graphite D
Graphite G
Diamond
Fit

5um	

29	



Raman – with SLM︎
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•  Exit	surface	exhibits	a	higher	ra.o	than	the	seed:	
à	Possibly	due	to	ejec.on	of	material.	



Raman – without SLM︎
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•  Seed	surface	exhibits	a	much	higher	ra.o	than	the	exit:	
à	Light	aberra.on	is	maximum	at	the	seed	surface.	

200 250 300 350 400 450 500 550 600
0

2

4

6

8

10

12

14

Energy [nJ]

D
ia

m
on

d:
G

ra
ph

ite
 R

at
io

 [a
.u

.]

 

 

10 µm/s
20 µm/s
30 µm/s
Exit
Seed



32	

Internal structure︎

200	nJ	 300	nJ	

200	nJ	 300	nJ	

•  Tree	like	structure.	

[5]	K.K.	Ashikkalieva	et	al.,		Carbon	102	(2016)	383-389		
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Metallisation ︎

X	polarisers	

Metallisa.on	mask	
(Seed	surface)	

Metallisa.on	in	Manchester:	
•  Chromium	
•  Gold	

Seed	surface	structured.	
Exit	surface	pad.	

Microscope	
100um	

100um	
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IV curves︎

•  Ohmic	and	barrier	poten.al	curves	observed.		

Ub	[V]	

Cu
rr
en

t	[
A]
	

Cu
rr
en

t	[
A]
	

Ub	[V]	

Con.nuous.	 Micro	gaps?	
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Barrier potential︎

2Uϕ	

Ub	[V]	

Cu
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t	[
A]
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Resistance measurement︎

ΔU-
b	

Ub	[V]	
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ΔI
-	

R	=	ΔUb/ΔI	
		

ΔI
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ΔU+
b	



37	

With SLM︎
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With SLM︎

U
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Raman – with SLM︎
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•  Exit	surface	exhibits	a	higher	ra.o	than	the	seed:	
à	Possibly	due	to	expulsion	of	material.	

•  Decreases	as	a	power	law	à	mul.-photon	absorp.on.	
•  Clear	discrepancy	at	30um/s.		

Resistance︎



Raman – with SLM︎
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•  No	discrepancy	seen	in	Raman	at	30um/s.	
à	Surface	measurement.	



Raman – with SLM︎
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Raman – with SLM︎
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•  Exit	surface	exhibits	a	higher	ra.o	than	the	seed:	

•  Mul.ple	passes	reduces	resistance	and	increases	
uniformity	of	the	columns.	

Multiple passes︎



Raman – with SLM︎
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•  Exit	surface	exhibits	a	higher	ra.o	than	the	seed:	

•  Mul.ple	passes	also	reduces	Uϕ.	

Multiple passes︎
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Raman – with SLM︎
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•  Higher	NA	oil	immersion	lens	increases	focal	resolu.on.	

	à		Reduced	resistance	at	200nJ.	

Lens NA ︎



Raman – with SLM︎
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Raman – with SLM︎
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The	method	of	column	produc.on	has	been	vastly	improved	using	an	SLM.	
à	However,	high	column	resis.vity	is	s.ll	a	problem.	

I’ve	 shown	 preliminary	 results	 for	 a	 comprehensive	 study	 of	 drilling	
parameters,	including	the	measurement	of:	

•  Surface	diamond:graphite	ra.os.	
•  Morphology.	
•  IV	characteris.cs.	

Summary︎

•  SLM	is	key	to	maintain	the	effec.ve	lens	NA	with	depth.	
	
•  Higher	NA	à	higher	focal	resolu.on	à	lower	column	resis.vity.	

•  Speed	needs	to	be	tuned	in	order	to	minimise	barrier	poten.al.	
	
Resis.vity	can	be	reduced	further,	but	it	takes	much	longer	to	form	columns.	

	
Future			à			lower	resis8vity	in	manageable	8mescales.	

	
	



Thank you	
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Back up	
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Introduction – why diamond? ︎

Property	(rela8ve	to	silicon)	 Silicon	 Diamond	

Energy	gap	 1	 5		
(3.5	e-h	crea.on)	

Dielectric	constant	 1	 0.5	

Thermal	conduc.vity	 1	 13.5	

Thermal	expansion	
coefficient	

1	 0.03	

Electron	mobility	 1	 3.0	

Hole	mobility	 1	 6.3	

Displacement	energy	 1	 1.4		
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Introduction – types of diamond ︎

•  Reduced	mean	free	path	
of	carriers.	

•  Large	areas	available.	
	

Single	Crystal	 Polycrystalline	

•  Very	good	carrier	
proper.es.	

•  Small	areas	available.	
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Spherical aberration ︎

n1	
n2	

d	
l1	

l2	

ϑ1	
ϑ2	

Δϕ	=	n2l2	–	n1l1	

•  Apply	Snell’s	law.	
•  Assume	lens	obeys	

sine	condi.on.	
	

r	

Δϕ(r)	=		 2πd	

[5],	[6]	
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Spherical aberration ︎

Spherical	aberra.on	
Δϕ
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Spherical aberration ︎

Spherical	aberra.on	
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•  Integrate	around	
the	op.cal	axis.	
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Spherical aberration ︎

Spherical	aberra.on	
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Spherical aberration ︎

Spherical	aberra.on	
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Spherical aberration ︎

Spherical	aberra.on	–	wrap	around	
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the	op.cal	axis.	
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Internal measurement︎

A	

Current	(I)	versus	applied	bias	voltage	(Ub)	measurement:	
•  Keithley	2410	source	meter.	
•  Exit	surface	grounded.	
•  Seed	surface	probed.	
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Transient current signals at 20V ︎
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Charge production at depth ︎
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Column resistance︎
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Raman – with SLM︎
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