: _—— ' Physico-
Technlcal
A Institute

C-TCT measurements on scCVD
diamond and its use at CNGS

H. Jansen ', D. Dobos *, H. Pernegger !, N. Wermes 2, V. Eremin 3, R. Sauer *




_ Jouine

= Motivation and Concept

Why and how to investigate charge transport/collection
at cold temperatures?

» The Set-up

Why diamond?
The experimental technique

* Results and Model

Current pulses and what we can learn from them

* Diamonds at CNGS
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-I Motivation and Concept

» Understand charge transport over a wide temp. range:

- Beam Loss Monitors within the LHC magnets
— QOperate detector at 1.9 K

- Electrical Devices in space crafts
- Huge temperature range

» Perform transient current technique (TCT)
at various controlled temperatures and field strengths:
— Provides a powerful technique
for study of transport characteristics

» Analyse current pulses in terms of transit time, area, ...
— compare data to model
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_ | whyDamond

A\

Pros: l-@
High band gap (5.5 eV) | D Cons:

— Very high breakdown field > 1e7 V/cm

— Very high resistivity > 1e11 Qcm - High Epair-9reation (13.5eV) _
- Large area — Less signal, but S2N-ratio

-~ Very low leakage current ~ few pA comparable to Si

Low dielectric constant (5.7) » Rather high costs

- Low capacitance — Low noise _
> Not as well understood as Si

High displacement energy (43 eV/atom) - More R&D efforts needed
— Radiation hard — No replacement

High mobility (~2000 cm?/Vs)
— Fast signals
— High collision rate v

Very wide sensitivity range P
— Single MIP to few THz tested - i

Wide operational A
temperature range



I The Experimental Technique

 The Transient-Current Technique (TCT) measurement:

1) a particles impinge on top side

2) Create eh-pairs close to electrode
3) Electric field separates charges

4) Drifting charges induce current

— measure the transient current

- Pos. (neg.) bias - Measure e (h")

- Use fast (2 GHz), low noise (3 mV)
current amplifier, 40 dB

—record signal with oscilloscope

D o 201

~10pm

-~-+ .
eh-pair
+- P 2

— =+ creation

E charge
~500pm separation|| 3
Yvy \\47 + drift
-HV
4 i(t)=Q(t)v(t)/d
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_ JThesetwpl

» Sensor + Sensor holder:

Source

[T
[ ] Metallisation
]
v

ScCVD diamond
HV
_'| - PCB
2 7 """" Cryostat
WTGW ;[ Copper block
Sample size: 5x5 mm, 500 ym . O Temp.sens.

» Circuit schematics:

1 M¢2 | Digital Scope

ve—{ | |

41
L :
1 < '

Cryostat
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I The Cryostat

» Quter chamber: Signal out
5x10% mbar
- liquid helium N\
- pressure = 1 barforT = 4.2 K \\

- pressure few mbar forT = 1.6 K

1 bar

 |nner vacuum chamber:

- helium gas @ few 102 mbar
- where the sensor is

— almost no energy loss of the as
- high breakdown voltage
— good thermalisation
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I TCT Pulses at RT: Holes

-
N

i | I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I_ lgul] VI I I |
:n : — 800V :
E 10— No exponential Temp: 295 K a0y i
3 L A in/decrease —s0v |
_ i -400 V _
- L Q: h+ — 300V .
8 e :
- -"'M""' - Nefr iIs small — 200V -
- NSl - life-time > 50 ns e
6 — 'r"“"""' 80V ]
B o 60V ]
L i:m‘ — 40V _
4— U —
2 5 iy ]
| | | | | | | | | | | | | | | | | I-- I_ | _—Iﬁhwl--T“ |w_|ﬂw|_ IH | | | | | | | | | | | | | | | | ]
-10 0 \ 10 20 30 40 50 60 70 80

Slower charge
release

03.07.2014 Seminar on Det. Dev. - Hendrik Jansen



I TCT Pulses at RT: Electrons
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vy

The Plasma

1 Creation of eh-
pair cloud

~4nm | . e - -

-<-— +-

» (s produce high density charge cloud

e Quter charges screen inner ones only in
very early phase of the plasma

2 Hot, high density plasma
— cooling via phonon

~10 pm \

transport (~100ps)

3 drift + diffusion (ns)

a4 Collection at
electrode

3.5-10° pairs
2nm )t 10 um

-3

pcloud ~ (

21
~10 " cm

— E-Field penetrates plasma after 100 ps or so

*» E-Field influences “inside” to “outside” fraction
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TCT Pulses at Various Temperatures

E const.

E | [ I [ [ 1 | | 1 | | | | | X>| I [ [ I [ I [ [ | [ [ I [ |
= [ ]
oy 101 —295K |
c B _
o B _
Is 8l —150K |
o u i
6 Uyias = -500 V ]
B —100K
41— —50K —
_ —2K i
2— _
0 —

| | | | | | 1 | | 1 | | | | |
-5 0 5 10 15 20 25 30

time [ns]
Verified for three samples, two metallisations !
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current [uA]

TCT Pulses at Various Temperatures

electrons
Uyios = 500 V

—295K

—150 K

—125 K

11 | 1 11 1
25 30

time [ns]
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I The Plasma again

1 2.
—O —0+—FE
AN ‘ A4 ‘ N\ c
| |
| |
| @
—0— OO+ E,
s Always collect “0121” charge Exciton “Decay-modes”:
- 1. dissociation
» Fraction inner to outer 5 recombination

— E-Field dependent
» “Inside”: Thermal equilibrium between excitons and free e-h pairs

» Charges are released with T ~ exp(E, / KT)

— charges being retained, thermal lifetime 100 ps (RT) to 100 us
— recombination time (~2ns) important for T < 150 K

D o 201
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| TheModel

» Creation of excitons and subsequent ionisation or
recombination

» |f ionised, charges are transported Two competing
processes: T VST
rec evap
NA >
[
T
) ) l .trans Vdrift 1 1 1
nl nout — — I
E [ T Trec Tevap
_ Tevap /
ayi /
n, I | s
E-E, J / Free e-h pairs g.os
g P Outer electrons "
rec y 0.03:—
4 X Excitons o.ozf—
ya - -
10 0.012—
T
Nout (1) = Nout (0) + ng(0) (1 —exp(—t/T))
Tevap

Jansen Page 14




-I Analysis of TCT Pulses

» Calculate integral of pulse:

o
o
=

o
(=)
o

amplitude [V]

0.04

0.03

0.02

0.01
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_ | ntegratedCharge

» Integrate n_ (t) over t, fit model to the integral of

pulses over T : | Trec
Qout | Qin
Trec + Tevap

x1071° electrons
8 | I I I | I I 1 1 I I I I | I I I 1 | I I I I | I I I ]
—_ — e - E LT LLL LLT "L LETTE
o s ® P st B et <
E - ¥ o in T Yout ]
£ B " ;’ N
© 40— ;.
- R
B ‘i' :' . tot
30—_ ..' & mEEEE Flt tO Qrﬁ
- ; i: ----- Fitto Q"
B R tot
s iy . Q°'@ 500V
FRPER ::::::;::::-"' s Q,m @ 500V _
- Q,, ]
0_ 1 1 1 1 | 1 1 | | | 1 1 1 1 | 1 1 1 | | 1 1 1 1 | 1 1 1 1 ]
0 50 100 150 200 250 300

temperature [K]

Seminar on Det. Dev. - Hendrik Jansen



_ | ntegratedCharge

» Charge as function of E-field:

Slow exciton Outer and inner

release -> more charge cloud
recombination

charge [C]

+150 K Only outer
200K charge cloud

10— 4 ogs5k

| | | | | | | l l | I
107 FuII charge
around 300 V E [V/um]
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I Integrated Charge

For T> 150 K:

- Full charge at 300 V
- Recombination leads to charge
loss for |U| < 300V, why?
- NO TRAPPING DURING! See flat pulses.
Q-E behaviour not dominated by CCD ( T, = lus)

- This is charge recombination in the early plasma
-> Dominant charge loss mechanism in high-quality,
unirradiated scCVD diamond

For T <80 K:

- ALL inner charges recombine
- only measure outer charges
- See how “outer” part grows with field strength
-> sensitive to physical processes
within first ~100 ps of the plasmal!

03.07.2014 Seminar on Det. Dev. - Hendrik Jansen



-I Analysis of TCT Pulses

» Fit rectangular (2- Erfc(t)) — (2- Erfc(t-1"))
+ exponential (1-exp(-t/1)) - (1 - exp(-(t-t)/1))

Transit time

v

; | I ‘ I I
§0.05 tstart tend
= Current pulse fit
E‘ o The current pulse
®o. Fit Entire Pulse
-------- Inner Part
003— |} e[} L Outer Part

‘‘‘‘‘‘‘

\TIII\‘II\I‘I\\I‘\\\I‘\\II‘III—F

-
.
e
------
..................................

..........................

0 5 10 15 20
time [ns]
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><10G

14

L sat

Vi [CM/S]
I
N
p

—30K

— 580K

—150 K

—225 K

295 K

|
2.5
electric field [V/um]

» | Increases with decreasing T down to 2 K

s V__~ constant with temperature @ 14e6 cm/s
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Mobility vs. Temperature

'E' — T
=
£
210000 —
ujlo : —
5 B _
o - electrons ]
N EER L TEEET T SoSEEEE TEE. SN W -
- i ] ﬁ@ b
N % [ %@m _
S, E.\ ‘e
e [ B 1 D 852 .
1000 — . | i | % ser .
Ry \N X 879 .
I | ——— o ]
B R O& B & g = (U 1 )"
— L - -1
B - lemperalanl?e K] T “ (1/“ +1/Maps) N
| | | | | 1 | | | | | 1 1 | I|
1 2 3 4567810 20 30 40 100 200 300

temperature [K]

» Holes: For 300 K <T< 200K the mobility increases as acoustic
phonon scattering decreases: a = -1.49, y, = 2400 cm?/Vs

» 50 K to 10 K: mobility stays ~const.
-> scattering dominated by neutral impurity scattering
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-I Saturation velocity

.3.155f106 s E .5-15.5f1°6 5
E L § E T 0
3_-_ 15— (a) holes ] '% 15 (b) - electrons
9L ] L < 8% g §
- § - o ¢x O ]
14.5— . , L —] 14.5@— o . 5 % —
e o e T T T T X %fw_&l:_ : % g

14 X — 14 —

- . - 0
135~ S52 — 135 = S52 5 0{

- -<--S§57 . - -<-- S57 0

13— — 13— -

- —=3879 ] - —~=3879 ]
L T T T 128 s 20 as0 300
temperature [K] temperature [K]

» Holes:v_ ~ constant with T, low T limit:{14e6 cm/s

» Electrons: v__has certain dependence, low T limit:|14e6 cm/s

JAP 113 173706 (2013)
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Mobility vs. Temperature

Journal of Applied Physics [ Volume 113 / Issue 17 / ARTICLES [ Electronic Structure and Transport

J. Appl. Phys. 113, 173706 (2013); hitp://d«.doi.org/10.1063/1. 4802678 (9 pages)
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Temperature dependence of charge carrier mobility
in single-crystal chemical vapour deposition diamond
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-I Comparison with Silicon

o T ~exp(E,/KT)!

evap
8 1.2_ T | T T T | T T T T T T T T ]
o L |
g 1;'?""?7 v * o © ® F o ® oo *—

= " A, M _+_ . ° -

(& ] i : _+_ ° A |
-g 0.8 —“f o e
@ L .
@© L ° ]
e 06— . _
® - 5 * Q"P'@-500V -
E 0.4— o. A Qa-SI @ -60V —
£ 2T TTeseeet T QS @500V -
02— . QMIP-Di @ 400V —
0_ | 1 | | | | | | 1 1 | | | | 1 | | 1 | | | | 1 | | |

0 50 100 150 200 250 300
temperature [K
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Conclusion from cold measurements

Diamond detects radiation even at 2 K

Charge collection is function of the temperature:
— full charge at T > 150 K
— collection of 'outer charge only' for T = 75 K

Creation of excitons by alpha particles in the diamond
- maybe implications even at room temperature?
Surface recombination, etc.

First diamond mobility measurement down to 2 K

Further reading:

- H. Pernegger et al., JAP 97 (7) (2005) 073704.

- C. Erginsoy, Phys. Rev. 79 (1950) 1013-1014

- H. Jansen et al., Physics Procedia 37 (2012) 2005
- H. Jansen et al., JAP 113 173706 (2013)
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Usage of CVD Diamond at CNGS
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I Diamond Detectors at CNGS

* Where?

TN4
LEP/LHC SPS

TI8 to Gran S:s-so__}

Linac
profons
CERN NEUTRINOS TO GRAN SASSO

D Underground structures at CERN
Booster SPS/ECA4
Ps : Proton Synchrotron .
SPS : Super Proton Synchrotron
LHC : Large Hadron Collider

SPS tunnel I protons

Access galleries
LHC/TI8 tunnel
Target

chamber Service gallery
LEP/LHC tunnel

ions

Hadron stop
and first muon detector

Connection gallery

uons i to TI8/LHC
neutrinos,

Second muon detector -

'
neutrinos e
to Gran Sasso

=

-
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I Diamond Detectors at CNGS

* Where?

TN4
LEP/LHC SPS

TI8 © Gran Sasso

Beam Current
Transformer

Linac
protons
CERN NEUTRINOS TO GRAN SASSO
D Underground structures at CERN Access shait
Booster . PGCH SPS/ECA4
PS : Proton Synchrotron Excavated .
sPS : Super Proton Synchrotron N¥ ik 7 _— v
LHC : Large Hadron Collider CIERS =

SPS tunnel

LHC/TI8 tunnel

Target Y.
chamber Service gallery

Eions
<aons

Decay tunnel

h
/LH

HLHC

LEP/LHC tunnel
f/ .

Diamond
Detectors

Seco)

neutrinos

to Gran Sasso‘/. 06 / 2003

CERN-AC-DI-MM
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-I Diamond Detectors at CNGS

@ Connection from detectors to Control Room:

GPS |
GMT “‘“‘"“""'"Hgﬁj_j FFFFFF
§BCTF
Target Horn Reflector Decay Tube
‘\ // -
BCTF signal L DD signal
Proton Muon
signal signal
A A L

5delay

Seminar on Det. Dev. - Hendrik Jansen



-I Diamond Detectors at CNGS

Poly-crystalline CVD diamond detectors:

- 8mm x 8mm
- 500 um thickness
- no amplification, direct scope read-out, 50 Ohm

Seminar on Det. Dev. - Hendrik Jansen



ADC count

ADC count

I Intensity/Profile Measurements

» From Single Extraction:

03.07.2014

Seminar on Det. Dev.

C = C
L 3 L
100/— Centre Top 8 100~ Centre Bottom
- o B
— Q —
- < -
50— 50—
o— o
-50/— 50—
100 T ? -100(— T ?
— 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 C 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
time [ns] time [ns]
- g O
100— Left 3 B BCTF40
- o B
B g -5000—
50— B
o— C
-50 - I
C L
-100L5 B
— 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 _25000 B 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
time [ns] time [ns]
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ADC count

Intensity/Profile Measurements

Zoom;:

90

85 Centre Top

80

715

60~ l | B

s5 bl LT '

50— 'l

45—

4 - L N I

9800 2820 2840 2860 2880 2900
time [ns]

— 5 ns bunch structure from SPS RF evident

03.07.2014 Seminar on Det. Dev. - Hendrik Jansen



ADC count/norm [a.u.]

Compare p- to J-beam structure

» Signals from BCT and DDs agree nicely

» Even local features show up in both DDs and BCTF

=

0.8

0.6

0.4

0.2

FIR-filtered signal

W {1

4000 6000 8000

10000

12000
time [ns]
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I Verification of CNGS Timing

*» Measure delays between read-out windows

» Measure timeline offset
of signals within
read-out window

BCTF
to

.

ToF

-

BCTF sample window

— Calculate the Time-of-Flight:

ToFg = (6205.4 + 3.6) ns

©1859.95 m

= (6205.3 -

Seminar on Det. Dev. - Hendrik Jansen

DD sample window
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-I Conclusion

90
= 90
c

» Diamond is fast:
— Measure individual bunches ::g
up to ~200 MHz.
Yoo 7m0 e s 7m0 2900

- Usable as intensity monitor.

» Diamond is usable as cryogenic BLM,
just keep in mind T-dependence of
mobility and charge yield

w F \ ' I 3 x10°"° holes
2 5‘ t ‘ T T T T ‘ T T T | T R N ‘ _*“ T ‘ t
£ o 50— P T
£. 10000 — < C ’y tot |
wp . « = 7 x2/ ndf 22.05/27 |
=i} = - —
. 3 O 40— i Prob 0.7351 | _ |
5 ] n / Q, 5.201e-14 + 1.48e-16 | |
=c % C / Q, 3.492e-14+1.577e-16 | |
., L 30l / 3 9.583e-05 + 4.129e-06 | |
- - - ? E, 0.08+ 0 | |
2 B r ! X 7
£ " a s - / ]
el B O s52 - q, / . Q. @50V
1000 — - | = o 57 " 20 L i -
Fow \m\g\ X 879 7 o --- fit: {(T), E, fixed
L —_— = i - . .
C & & & 8 g S R TS T - e fit: (T), E, free

_ nis 1 L i

L = L LRl (1/unis+1/uaps) . r ]

L L T R | L L Lo L L T L e b e e e ey | T

1 2 3 4567810 20 30 40 100 200 300 0 50 100 150 200 250 300
temperature [K] temperature [K]
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= RadaiTecksize

» Alpha-particles in WATER:
avg. energy of secondary electrons is 60 eV

105 u 1 ¥ L t ¥ Li L] L l ¥ L Ll T l' L] L] Ll ¥
N
2, 1 MeV Alpha 3 MeV Alpha
\
105 'ﬂ'q.';\ |
— o4 L 2N
S ++:. S "y
o ) ot'e, ~ _ .%\
g 10" . ~ - _ n
8 :.... — - - +"\.
Qo o .'}
g 10°k @ " N
E a .. .o..
g +% b ‘:% ~ -
d: ... + ""t. -~
2 . .. * . "y =
10° F 7 %0, gt F e L,
+ et
101 PR T TR S N SR TR SN T NN TN TR NE TH N SHN SR N PR TR (T TET U T W A TN SN O NN R N W N O A A
0 5 10 15 20 O 10 20 30 40
Radial Distance (nm) Radial distance (nm)

J Phys Chem B, 106 42 (2002) 11055
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_ | ThePlasma

» The alpha-particle heats the ionisation volume! c, ~T3

HEATING

-t
<

COOLING

___ Initial
—T (= ops)4— | volume
Tt = 1ps)

temperature in ion. vol. [K]
—h
)

10 — — T“,{t = 2 pS)
- —T(t= 5ps) | e _V
E T:,.(t = 10 ps) s \_ phonon
- —T,(t= 100 ps) = 13 nm/ps

— T;,(t = 1000 ps) ~

1 10 10?
sample temperature [K]
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-I Analysis of TCT Pulses

» Fit rectangular (2- Erfc(t)) — (2- Erfc(t-1"))
+ exponential (1-exp(-t/1)) - (1 - exp(-(t-t)/1))

| |

Same release time constant

> [ | i
§0.05 :_ tstart tend - _:
= B Current pulse fit B
g‘ - s The current pulse -
©0.04 — Fit Entire Pulse —
Y A O s Inner Part B
N I S | B IEITEeee Outer Part N
003— o T -
0.02— —
0.01— —
e 2 S I S -]

C .| | 1

0 5 10 15 20
time [ns]




-I Analysis of TCT Pulses

» Plot fitted 1 a.f.0. temperature, and fit T-dependent model:

electrons
o 2OF \ | | I
c [ —
3 F | =
% 16:_ \ —+— T @ +500V —:
o1 | — - fit E, = 80 meV —
12E | — - fit E, = 40 meV E
105 \\h —
8- 1 1 1 =
61— \\ — — I ]
= \} T Trec Tevap =
‘£ 3 E
2 AW =
- R TR R T RN T SR B 1 —I"."I—"‘-*"Fr*r-'—l"_

% 100 150 200 250 300

temperature [K]
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-I Comparison with Silicon

o T ~exp(E,/KT)!

evap

? B I 1 | | I | I 1 I I | I I I H
S, 14— —
o — _ _
12— e D@ -500V 7
10 . s TSi@ -60V ]
N ¢ _ _
gl 4 ¢ v tSi@ -500 V ]
- \ ¢ ° :
6— ]
- A ¢ _
4 ;++ . ]
2~ 4| o, | .
W# x * o7 ¥ ¥ ol
0 | | 1 | | | | | | | | | | 1 ? ’ I.I .I , 'I. I'.‘I '?' "I ..I. I'I Ir

0 50 100 150 200 250 300

temperature [K]
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_ EBcions

» Recombination via impurities

® L

@A/;xciton binds to impurity,

then Auger-recombination

Seminar on Det. Dev. - Hendrik Jansen



-I Cosmic Muons

5 B
S, 0.01—
= black 295 K
e ] N red 150 K
0.008— green 100 K
B blue 60 K
0.006 —
0.004 —
0.002 —
b, |
0 Hf
-0_002:0—||||||||||||||||||||||||||||||||||||||||||||||||
0 10 20 30 40 50 60 70 80 90

time [ns]

» Use charge-sensitive amplifier here

» Charge degradation much less with MIPs
- expected due to lower charge density!
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Common circuit for Diamond Detectors

.

* Diamond is a semi-conductor based, solid state
lonization chamber:

>

Amplification/
no amplification/

L attenuation

depending on signal

Courtesy
CIVIDEC
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R —

» Counting Mode e Calorimetric Mode

E Vi P ve Hole collection
J for reverse bias

MIP

.-1
i

Qﬁ,ﬂﬂ\}ﬁqﬁxﬁwih@v%ﬁww

i(] = Q'Vd/d

\V

Courtesy
CIVIDEC
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Collection Distance (mm)

I PCVD vs scCVD

pCVD Diamond: @ scCVD Diamond:
very short signal short signal
~2ns FWHM @ 1V/um ~5ns FWHM @ 1V/um
optimal double pulse resolution optimal Signal-to-Noise ratio
charges lost at trapping centres lower trapping centre concentration

cCD=d*Q,/Q,

0.4 : : ; : 25000
035CCD~250umf:1t150V ,,,,,,,,,,,,,, s . | |
03:—§ ---------- {'{'} --------- '}'P -------------- % 20000 single
= 4 - s [ Ccrystal
i | o e TR S S (e %15000_ i % |
-------- g 10000~ s qu charge collectlﬁn
-------- £ | dlstance I .
-------- 5000/ — - ~up-t0-800-pm--
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