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Important properties of HEP detectors
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» High precision tracking=> Semiconductor detectors 2. Low material budget for less multiple

> Typical choice of semiconductors are Si, Ge and Diamond SR

» Material should have following properties: 3. Fast pulse timing for less pile up

1. High signal to noise ratio for good position resolution 4. Low radiation damage

5. Particle Identification capabilities

In this talk we, will compare Si, Ge and Diamond and will try to figure out the suitable material for High
energy and high luminosity experiments



Simulation for Charge created by MIP ~ Diamond has low multiple scattering .y, ..

. Scattering

psi =233 g/cm®
ppi = 3.51 g/cm3

Pge = 5.3 g/cm?
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C htemp
12000 ] Enties 29204
C 300 um thick Mean 7.263e+04 10000
C RMS 446904
10000 Ge sensors @/ ndt 3626146
= Constant  1.305e+05 + 35050403
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Signal to Noise ratio for Sensors (5.0 x 5.0 X 0.3 mm?3)

o = q(n.u, + npuy) for Intrinsic material n, = n, = n; Thickness=0.3 mmI

Charge collected on Strips
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I . Eniries 7%
B 300 pm thick Mean 1251e+4
L Diamond sensors RMS 7870
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Material MPV Signal p (Qm) cm? cm? Noise (e)
Silicon 22680 640 1450 505 3.8 x 108
Germanium | 57070 0.46 3900 1800 1.5 x 1011
Diamond | 9645 1013 1800 1600 0.013
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» Signal to Noise ratio for intrinsic Si, Ge are very small so we can not use them intrinsic material but

diamond can be used as intrinsic material

» The intrinsic noise can be reduced by increasing some how resistivity=> p-n junction in reverse bias

condition Just rough numbers
Silicon sensor reverse biased: 5.0 X 5.0 X 0.3 mm?3
Material Voltage Current p (Qm) Noise (e) Signal/Noise
Silicon 300V 1 uA 2.5 x 107 9591 2.365
Silicon 300V 1nA 2.5 x 1010 10 2268
Charged Particle Dlamond Amphflef sio, Al i i
N X Eoma':td
T Brs(a)::down
;' e Siand Ge same i
—— Vbias 59 & detector concept Sarvent s
T
=il l H—
Electrodes o e Current
50um e
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300 um thick diamond sensor

—/Cf




Signal to Noise Ratio: Expressed in terms of ENC (Equivalent Noise Charge)

pre-amplifier . - - .
(e_g_ Mx6 or APV) ENC(@) = \/ENCIL + ENCC + ENCR + ENCRS
Si sensor Rs v
CH
| — t:integration 1. Shot Noise due to I, : ENC;, = 107JIL(nA)tp(uS)
L [Re | Cq time
+ L 1 2. Parallel thermal noise: gN(C, =~ 44.5 T(K)ty (ps)
R .
P R,(MQ)
T(K)R,(Q
3. Series thermal noise from metal strip resistance: ENCg, =~ 0.025 Cy4 (pF) (K)Rs(Q)
tp (Us)
4. Preamplifier noise: ENC; = a+ b C;(pF), aand b preamplifier design parameters
¢ For making the small noise design follow the below specification:
> Small load capacitance Cy=Cirip
(~ depends on strip dimension) to minimize ENCg_and ENC, Ref: Evolution of Silicon sensor
- technology in Particle Physics:
> low leakage current I;, to minimize ENCy, pages: 27-28
> high parallel resistance Ry;qs to minimize ENCr_ Frank Hartmann

> smalliseries resistance R to minimize ENCg_



** ENC Silicon: (DELPHI microvertex)

t,=18us, I, =03nA,R, = 36 MQ, R, = 25 Q,
C, = 9pF (Strip),a = 340,b = 20, T = 20°C

ENC, =78e
ENCRP — 170 e
ENCRS =14 e

ENC,. = 520 e (Preamplifier)
Total ENC = 553 e
Signal _ 22680 _

» For 300 um thickness = =41
ENC 553

** Binary Readout:
Pitch Pitch

or
V12 2412

» Limited position resolution «

» Analogue Readout:
Nonlinear Eta Algorithm- For small track angles
where diffusion is large

» Simple linear Analogue Head Tail algorithm- For
large angle tracks

» Charge Centre of gravity method- For middle
range of angles

Ref: “Spatial resolution of silicon microstrip detectors”,

** ENC Diamond: (Estimation)

tp, =5.0ns,I, =1pA,R, =36 MQ, R; = 25Q,
Cy=2pF, T =20°C

Low Noise Viking Amplifier: ENC, = 135+ 13 C,
ENC;, =0.24¢

Ref: First measurements with a

ENCRP =9Je diamond microstrip detector, NIM,
ENCgrs = 61e Research A 354 (1995) 318-327
ENC- =161e

Total ENC =172 e

_ Signal 9645

For 300 um thickness = ENC - 172 - 56

» Impact Parameter IP: for short lives particles ,
If life time 7 is 10713 — 107! sec => Impact

parameter 30-3000 um (ct)

Pitch

Best Position resolution « Signal

ENC

PrimaryVerte; ol

/
/
4
-
O\._/

Impact

R. Turchetta, Nuclear Instruments and Methods in Physics parameter d10r+



Comparison of Radiation damage Fluka Simulation

.- Material Particl
» Surface damage: lonizing energy loss due to - —« Silicon " proton
. . . -=- Germanium - - Pion
electron stopping=> Not present in diamond 107 |u —e Diamond
sensors as no oxide layer s b DOSE Equivalent: For real experiments
. O @
» Bulk damage: Non-lonizing energy loss due to w I:::\
o |
Nuclear stopping S04

-
Se~Zzc=
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Both types of damage reduces Signal to Noise
ratio < 10 is critical value
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Kir?etic Energy (Gg{/) 10 10°
1 2 E,pp m2 |
Emin = 2 [Erec + \/E%ec + 4 m127 + 2 Erec Matom + M:tcomp _mp
Table 1. E,,;,, of incident particles in eV Frankel Pairs
vV Vacancy
Particles Silicon Germanium Diamond 9 OQ L 2 +
Electron 255915 457390 199668 o Py
Il Interstitial
Muon 1560 3212 1176 ¢ ¢ ¢
Pion 1184 2434 896 S — Select—ronic + Snuclear
K 344 695 269 .
aon E,, = 25 eV (Si)
Proton 187 371 153 E,;, = 20 eV (Ge)
Neutron 187 370 153 E., = 43.6 eV (Di)




Diamond has low radition damage than others

D(E) = Z oy (E) j dEg f1(E,Eg) P(ER) 300 um thick material
k
1 i ks Nmatomwlz)
DPA=— NN Particles
p Lt how = k6, —
Suvimemmenimommeomuenwwe  Op(Carbon) = 2230 K = k,~1614 N/m

K N Thanks to Michael Moll (RD50), CERN
I/W\AA/\/V\/ Op (S0 = 645K = ks~315 N/m and Moritz Guthoff, CMS (CERN)

—A— 0,(Ge) = 374 K = k,~275 N/m

SEU: Single Event Upset (Random in time) may cause loss of data but temporary most of the time

In diamond, there will be no surface damage , bulk damage will be smallest and also less number
of Single Event Upset (simple concept of detector as compared to Si, CMOS, LGAD)

SilMeVNeutronEquivalent: For real experiments
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Particle Identification capabilities

» Particle Identification: Determination of mass and charge of the Particle
Diamond can be used as dEdX detector

1. dEdX vs Momentum method => Band merging due to Landau distribution and MIP

Separation by Energy loss in Silicon for different particles

2.  Time of Flight=> Measurement of time of flight 8
and 8 vs momentum plot, band merging due 7
to time resolution of detectors oF}

Particles in Silicon

= Pion-Kaon

= Pion-Proton

Kaon-Proton

dEdX considered up order of 32
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Diamond can also be used as ToF detector

Dipole Magnetic field

[=6.4m

L
ToF= -
p

p=mofyc

Start detector Stop detector

3. Cherenkov PID: CosO, = —

fn
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Separation (sigma)

t=1t,—t;

_ / 2 2
Or = at1+at2

o < 100 ps (diamond)

Separation for the Particles hitting Ftof for 100 ps time resolution

__‘_‘-4\___ N R N Particles

A | — K
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o Computer Simulation Technology
MPCVD System designing

Used also in accelerator designing

MPCVD : Microwave Plasma Chemical Vapour Deposition System & Resonant Cavity
Real System in Lab

E =

E’ el Wi

SO i W TS -




Growth of diamond film and Characterization

Wave Guide
Gas Inlet | Microwave Source
- )
Pl_sma Substrate
| " Substrate Holder
<
I «
O - —||-
| | || Rotary Pump
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Electronic grade diamond has N in Parts per billion level (ppb)

Thanks to Aman Bajaj, Sushant

% Growth Parameters of Diamond film: Raniwala, Krishna Chaitanya and

HPHT diamond (100) substrate ML (UL SURET,
Hydrogen=250 sccm and Methane=2.0 sccm
Pressure 90-91 torr (atmospheric pressure=760

torr) : ;

1 mm thick diamond
Temperature =916-938 °C | !
Power Input = 0.7 KW @«

Power reflected = 0 kW
Deposition time=198.5 hrs
Thickness of film = 1 mm (grown)

Diamond looking yellow due
to Nitrogen content

"a'a*e‘a””-fz’ 4'e a 22 4"e s'*i":
4 8,
tlipt N liu le Hititi i g nm ikt 'uh i

=5
1

Range of G Band ~ 1500-1600 cm™* |
Range of D Band ~ 1300-1400 cm ™

2D Band ~ 2650-2700 cm ™!
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Characterization techniques

»C-DLTS: Capacitance Deep Level Transient Spectroscopy
» XPS (X-ray photoelectron spectroscopy): For elemental composition
»|-DLTS: Current Deep Level Transient Spectroscopy

Ref. Diamond nitrogen vacancy impurity ppt, April 2013, physics 6530, Stefan Thonnard
»TSC: Thermally Stimulated Currents _
C-C Tetrahedron covalent bond C-N bond with vacancy

»>RL: Recombination Life-time Measurements 9- s
%N bond s unfiled

»>PC: Photo Conductivity Measurements ‘ @ NV-— negative
charge if electron is

»PL —Photoluminescence N-V Center reduces CCE

»Raman Spectroscopy

> IV-CV Characteristics: For leakage current and capacitive noise determination
» Atomic Force Microscopy (AFM)

» Transient current technique (TCT): For electron and hole mobility determinatior

»HRXRD: High Resolution X-ray Diffraction
2/16/2017 15




Intensity (a.u.)

Normalized Intensity

Diamond film shows the good XRD and Raman spectrum

Di (100)

Di (100)
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2 60 =119.443

Thick film XRD
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High Resolution XRD @ Department of Physics IIT Bombay
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Raman Spectroscopy @ CRNTS, IIT Bombay
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I-V looking promising

» Ohmic Contact: Thermal Evaporation (Both side)

» Cr/Au: 20 nm/100 nm

» Slow Annealing of the sample up to 605 K
Contact made @ CEN, II'T Bombay

Sample 407 : 5.0 X 5.0 X 0.4 mm3

Intensity (a.u.)

""i

16000 - Sample: 407

Diamond peak
at 1332 cm™?!

14000 —
12000 —-
10000 —
: Red Laser =632.8 nm

8000
6000 —

4000 -

2000 JW
T T T T T T T T T
800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Energy Shift (per cm)

(0]
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Current (pA)

Current (pA)

Thickness 1000 (um) [Thick film]

"
o

A Thick film
”f:_ Resistance = 2.5 X 1014 O
p=2x10M1am

L 1 1 L L
-100 0
Voltage (V)

I-V done at BARC, Thanks to Amit and Dr. Anita
Topkar (Electronics division BARC)

Sample 407

Thickness 400 (um)
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Transient Current Technique (TCT) measurement for diamond 300 um thick material

Am?*1- a source of energy, 5486 KeV (85%), 5443 KeV (13%) and 5388 KeV (1%)

¢ Silicon ** Germanium +» Diamond a
> |EL = 5485.9 KeV > |EL ~ 5485.8 KeV » |EL = 5485.9 KeV
> NIEL = KeV > NIEL ~ KeV > NIEL = KeV €c=2.73 Eg + 0.55 el

> Signal=5485900/3.6 > Signal=5485800/2.96 > Signal=5485900/13.6 Ref: Electron-Hole-Pair Creation

Energies in Semiconductors ,

= 1523861 e-h pairs = 18,53311 e-h pairs =403375 e-h pairs PRL, Volume 35, Number 32

Range of a in Material: Fluka simulation (lonizing Energy Loss (IEL))

> Experimental measurement: _ : : L
P Curve highly useful in cancer treatment (Medical Applications)

» 35%x35x%x04 mm3 diamond (”AtEChnOIOgieS) a. Particle of energy 5.486 MeV
: L . 7 .
» a will stop with in 15 wm of diamond - Bragg’s Peak Maten;:"con
6—
Gain of cividec amplifier= +40 dB => - —— Diamond
% — 100 5;_ —— Germanium
in % 4:_
Vour = 100 v, = 100 X 50 QX Iy, £
.
v . (mV) w _/
Im(mA) 01;000 2;—
1=
Qcollectedzjlindt oC N R R | R [ VO EI R N R
0 5 10 15 20 25 30

Thickness (um)



Voltage (mV)

R

vCC

orgitat scope Timing of diamond pulse of the order of ns

-
3
-
-T- 3

I s0 CCE — Qcollected xlOO — Qcollected ><100
GND GND Qcreated 403375

Cividec Amplifier CERN, used for testing

GND

100 B . . 0.04 - Charge collected (Electrons) 3.5X3.5X 0.4 mm’ diamond
— electron signal for o, Particle of energy 5.486 MeV = 284020 +80V
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Summary and Future Plan

» Diamond has good signal to noise ratio, fast timing, low material budget, low radiation damage

and good particle identification capabilities, so it will be a good choice for HEP experiments
» Diamond has large e-h pair creation energy so less disturbance in charge center of gravity
» Diamond can also be used for the detection of slow and fast neutrons

» We have grown diamond film up to 1 mm thickness it has nitrogen, | will do cutting and

polishing and will test again
» \We have also tested good quality diamond from I1A technologies
» The only problem with diamond we don’t have large area high quality diamond

» Still working on growing high quality diamond in Lab

FLUKA Simulation used Ref : "FLUKA: a multi-particle transport code"
A. Ferrari, P.R. Sala, A. Fasso’, and J. Ranft,
CERN-2005-10 (2005), INFN/TC_05/11, SLAC-R-773

Thank You !!



Diamond as Neutron detectors

Thermal Neutrons n Fast neutrons

N o Chayged Particle
N J

T
Contacts || SLIF

\ CVD Intrinsic T
_ICVD B-doped

——  |HPHT substrate

Amplifier

Electrodes —_—

n interacts with ®Li in 6LiF layer (95%)

n directly interact with carbon'“C

n+°Li - Tritium + a + 4.8 MeV n+'2C - a+°Be —5.7MeV
Tritium (2.73 MeV) and a (2.06 MeV) emitted at 14.1 MeV n, with a and
180°C, only a or Tritium is detected 9Be having a total energy of 8.4 MeV

Ref: CVD Diamond Neutron Detectors, Arnaldo Galbiati
Diamond Pulse time Estimation (d = 400 um thick) at E field = 1V /um:

d d? 16 x 1078 d d? 16 x 1078
%

e =%V 0.18x 400 1o h WV 0.16 x 400

Experimental t, = 3.2nsand t, = 3.2 ns

= 2.5 ns



Comparison of Material budget [For geometry in Slide 4] « X

A lyoT :
g/cm
Z(Z+ 1 In (287) X X5 X

X, = 716.4

A J

Multiple
Scattering

Xn

\/7 —_— =
Xo  Xo1
1000000 Geantino particle with multiplicity 5 of 0.1- 0.5 GeV/c

Effective radiation length (X/X ) vs 0& 0
Disks of 300 um thick Si sensors _
Ll

hThePhi
Entries 181797
Mean x 0.1941
Meany 0.0003514
RMS x 0.07053
RMS y 1.814
|

Effective radiation length (Xﬂ(o) vs0& 0

Disks of 300 um thick Diamond sensors

hThePhi
Entries 181584
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Meany -0.005094

l 0.005

0.005 A L i .|RMsx  0.07046 —0.004
0,004 : i AMSy 1815

0.003 a7 .

0.002

0.001] i I B 1Y)

+
Xoz  Xon

Effective radiation length (X/Xn) vsO& 0

Disks of 300 um thick Ge sensors

" hThePhi
e " Entries 35975
— Mean x 0.1943
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1809 | |
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IIIH||

Effective radiation length (X/Xo) vs0& 0

Disks of 500 um thick Diamond sensors hThePhi 0.008
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Raman Spectra taken as a function of depth

Raman Data of Diamond film

Diamond peak

Raman (One side)
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B Raman (One side)
™ Integral Counts 0 = 11450.398 (a.u.) —— 0 (um)
| Integral Counts 1= 11465.547 (a.u.) —-20 (um)
| Integral Counts 2 = 11722.085 (a.u.) — -40 (um)
| Integral Counts 3 = 11698.987 (a.u.) 80
[ Integral Gounts 4 = 12009564 (a.u.) ——1-60 (um)
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| Integral Counts 7 = 11941.964 (a.u.) —1-120 (um
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Atomic force Microscopy (AFM) [Polishing of 407 is compared to thick film]

DataZoom 100.0 nm
0.0 1: Height 5.0 um
Execute I
B Inputs
|- Peak oif
L Zero Crossing aff

Thick film

A0 7 .f I_-
HHY

Name I "']Value [ Report [ Limits | Ra -_ 0.675 nm 407 fllm
B Results

— Image Raw mean 376 nm Yes No 1 00 . 0 nm

— Image Mean -0.00303 nm Yes No

— Image Z Range 33.6 nm Yes No I-'m

- Image Surface area 25.0 pn Yes No 0.0 nm

— Image Projected suface area  25.0 pné Yes No

— Image Surface area difference  0.121 % Yes No

— Image Rg 1.11 nm Yes No

— Image Ra 0.675 nm Yes No

— Image Rmax 33.5 nm Yes No 5 Hm

— Raw mean 0.00 nm Yes No

— Mean 0.00 nm Yes No

— ZRange 0.00 nhm Yes No 4

— Surface area 0.00 pré Yes No

I~ Projected surface area 0.00 pr# Yes No

[~ Surface area difference 0.00% Yes No

— Rg 0.00 nm Yes No

— Ra 0.00 nm Yes No

— Rmax 0.00 nm Yes No 1

[~ Skewness 0.00 nm Yes No

— Kurtosis 0.00 nm Yes No

— Rz 0.00 nm Yes No

[~ Rz Count 0.00 Yes No

— Max peak ht (Rp] 0.00 hm Yes No

— Av max ht (Rpm) 0.00 nm Yes No 5 Hm

— Max depth (Rv) 0.00 hm Yes No

— Av max depth (Rvm) 0.00 nm Yes No

— Line density 0.00 Zpm Yes No

— Box % dimension 0.00 pm Yes No 1

'~ Box y dimension 0.00 pm Yes No

3
Q
Il

B
o~
~J
S
S

Ear I Data Zoom I 100.0 nm
T .
"

1
0.0 1: Height 5.0 pm

Execute I
B Inputs
| Peak 0if
L Zero Crossing Off

Name [ Value | Report [ Limits [

~J
Q
Il
~
p—
w
S
3

B Results 100.0 nm
— Image Raw mean 165 nm Yes _No
— Image Mean 0.000005nm  Yes No
= Image Z Range 147 nm Yes No 0.0 nm
— Image Surface area 25.9 pré Yes No
— Image Projected surface area  25.0 pr? Yes No
I~ Image Surface area difference  3.62 % Yes No
— Image Rg 7.13 nm Yes No
— Image Ra 4.47 nm Yes No 5 Mm
— Image Rmax 147 nm Yes No
= Raw mean 0.00 nm Yes No
- Mean 0.00 nm Yes No
— ZRange 0.00 nm Yes No 4
— Surface area 0.00 pré Yes No
I~ Projected surface area 0.00 prr? Yes No
— Surface area difference 0.00% Yes No
— Rg 0.00 nm Yes No
~ Ra 0.00 nm Yes No
= Rmax 0.00 nm Yes No
[~ Skewness 0.00 nm Yes No
— Kurtosis 0.00 nm Yes No
— Rz 0.00 nm Yes No
— Rz Count 0.00 Yes No
I~ Max peak ht [Rp) 0.00 nm Yes No 5 Mm
[~ Av max ht (Rpm) 0.00 nhm Yes No
I~ Max depth (Rv) 0.00 nm Yes No
— Av max depth [Rvm) 0.00 nm Yes No
— Line density 0.00 /um Yes No 1
[~ Box & dimension 0.00 pm Yes No
— Box y dimension 0.00 pm Yes No
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TE10 to TE11 mode converter simulation _

Single Port S;; — reflection coefficient,
FOf tWO POFtS 511, 512, 521 and 522

Frequency= 2.45 + 0.020 GHz

Decibel-milliwatts (dBm)= Decibel watt (dBW) +30

S parameter = -50 dBW =-20 dBm=10 ul/

2.3 231 232 233 2.34 235 236 2.37 238 239 2.4 241 242 243 2.44 245 246 247 248 249 2.5 251 2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59 2.6
Frequency / GHz

MPCVD : Advantages

> Electrode less process=> No Plasma sheath
formation take place

» Plasma density is high

» Stability of Plasma up to many days

> Ability to scale up the process over large substrates

» Quality of film grown is high



Energy loss in Silicon for different particles

Particles in Silicon
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Energy deposited (KeV)
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dEdX band separation is good in diamond Silicon
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Large and Small Trapezoid used for Simulation in PANDAROOT
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Energy deposited in 300 um thick sensors (Geant3) PANDA Root

Eloss
Entries 29123
Mean 108.2
RMS 52.08
%2 /ndf 602.9 /797
Constant 2.769e+04 + 2.652e+02
MPW 8615+ 0.08
Sigma 6.206 + 0.047

300 npm thick Si sensors
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Radiation damage

Radiation damage

Entries 5000001
Mean 0.123
RMS 0.00505
Underflow 0
Overflow 5173
Integral 4.995e+06
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Frankel Pairs distribution for 1 GeV
proton in 300 um thick Si
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Frankel Pairs distribution for 1 GeV
proton in 300 um thick Si

Radiation damage

_ Radiation damage
= Entries 5000001
— Mean 1.834
= RMS 60.68
= Underflow 0
B Overflow 0
= Integral 5e+06
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