INFN

Istituto Nazionale di Fisica Nucleare

4rd pPosition Sensitive Germanium Detectors (PSeGe)

Segmentation of PLM contacts in HPGe detectors

Walter Raniero
INFN — Laboratori Nazionali di Legnaro

ENSAR2 has received funding from the
European Union's Horizon 2020 research
and innovation programme under grant
agreement No 654002




OUTLINE

Introduction

PLM (pulse laser melting) technology
n* contacts application
Photolithography segmentation

summary

INFN
W. Raniero (LNL-INFN) PSeGe 2019

Istituto Nazionale di Fisica Nucleare



HPGe detector: p*/n* contact and lateral surface passivation

/ layer 0.3um

B doped AAAA, Umicore:
+ Charge carrier density:
p <ontact 1010 cm-3
Surface passivation:. ———
1 HPGe
holes

- Chemical passivation
- Eletrical passivation

n contact

Li doped

- Methanol termination

- Sulphide termination

- Low Hydride termination (10% HF)
- High Hidride termination (50% HF)

G. Maggioni et al. Eur. Phys. J. A
(2015) 51: 141

electrons

N

layer 0.7 - 0.9mm

Diameter: 40mm
Height: 20mm
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PLM (Pulse Laser Melting) technology

Deposition pulse < 100ns

s W Doping layer S S S S 8.aser Doped layer
o® o 15)

New laser UNIPD — INFN:

 High homogeneity
e High stability
e High reproducibility
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PLM (pulse laser melting) technology

Advantages:

- Melting temperature is reached and maintained for a very short time (<100 ns)
- Only the surface (< 200 nm) is melted, the bulk is at room temperature

- High dopant concentrations with very sharp dopant profile

- Doping with heavy elements without crystal damage

- Very clean process suitable for preserving the Ge hyperpurity

- Suitable for complex contact geometries (segmentation)
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Contamination of HPGe — PLM technology

Four-wire resistance and Hall measurement

(10x10x2)mm?3

Van der Pauw method
Rsheet

Hall-effect method
Carrier type

[From V. Boldrini et al., Journal of Physics D: Applied
Physics (2018) volume 52, 3]
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Carrier density within the specifications (10%° cm3)
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PLM technology : out of equilibrium diffusion

Treatment time 1 Treatment temperature I

At melting temperature, dopants diffuse orders of magnitude faster \

L Treatment times can be drastically reduced {}
| | | Pulsed
At melting temperature, contaminants diffuse faster too laser
L Contamination can drastically increase o melting

Melting can be limited to a thin, surface layer of HPGe

—~—
o0

L Bulk contamination is prevented ~ j
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p* contact on HPGe

B lon Implantation IMM (Institute for Microelectronics and Microsystem) — Bologna
(standard technique)

HPGe wafer cut and cleaning Energy = 23KeV
(isopropanol 80°C and DW Dose = 1 x 10*°> atoms/cm?
80°C) (pressure = 3.8 x 10”7 torr)

HPGe
(10x10x2) mm3 INFN
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Prototype HPGe by PLM technology at LNL-INFN

Sb deposition @= 5mm SIMS profile of Sb diffusion
10™ - | - -
HPGe p-type 2.5x10%1 cm3 :r-.
(2x10x10)mm?3 o |
§ 107 ‘z
g - |
B implantation Methanol © Thin contact ;
(10x10)mm? passivation = <100nm
£ 10+ 3
@)
No guard ring %
10” - . - - -
0 50 100 150

Depth [nm]

PLM laser spot

@= 6.5mm INFN
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Test of small HPGe prototype:

Gamma ray

Aluminum

meunting cup

LN2 cold
finger T |

PTFE Support~‘k‘5\HH

PTFE support

Aluminum ,,f/,,,//,

contact

Aluminum

end cup \“\\“‘EEH

[G. Maggioni at al. Eur. Phys. J. A (2018)]

I-V diode configuration

|-V characteristic curve

direct current

5 10 15 20 25 30 35 40
vV (V)

» Low leakeage current
» p-njunction is obtained
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Test of small HPGe prototype: detector configuration

Depletion Voltage - Energy resolution

10 T T T T T T T T T 1.4
= 9- 241Am =
4 . 12
§ 8- . . 0.62 keV @ 59.54 keV (2*1Am)
S 7. . L10 S
% I - = Detector not fully depleted when
) 6 - " p— .
= | . *— | g I energy resolution worsens
% 5 n E (contact geometry is not optimal)
N ] ® .
-t_; 4 ° f o @ oo © y 0.6
S [P
S 3] =

I I I I I | I I I 04

Bias V (V)
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Counts

Test of small HPGe prototype: detector configuration

E=121.78 keV
FWHM = 0.76 keV

E = 24469 keV
FWHM = 1.10 keV

152Eu

E = 344.27 keV
FWHM = 1.0 keV

E = 59.54 keV
FWHM = 0.62 keV 2410 m
1000 4 1000 4
100 :W 2 1004
3 c 3
3
]
- U -
104 104
] i 133
] E = 81.00 keV Ba ]
N Il H. . 1. .l !. . FWHM = 0.72 keV N
20 40 60 80 100 120 140 1000 E = 356.01 keV 50 100
Energy (keV) E=30286kev FWHM=1.0keV
FWHM = 0.77 keV

12

E =276.4 keV

FWHM = 0.96 keV E = 383.86 keV

FWHM = 1.0 keV

100

Counts

10

50 150 200 250 300 350 400

Energy (keV)

100

Good energy resolution in all the energy range up to 400KeV
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Scaling up detector size by PLM technology at LNL-INFN

Deposition of gold
<100nm (mask)

Central contact

/ Guard ring
/

Sb deposition all
the surface

(10x10)mm?
// hanol
Bimplantation Methano
(10x10)mm? Passivation surface
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Test of small HPGe prototype: |-V diode configuration

I ! I ! | ! I ! I ! I ' I ! 1 ! | ! I -|

1E-8=: = central contact with guard ring
= central contact without guard ring
= current on the guard ring

1E-9

1E-10 ;

I (A)

1E-11

1E-12 . "
" i ]
] e . ||
€3] a1
1E-14 — 1 1 1 " 1 " 1 T 7 T T T
0 10 20 30 40 50 60 70 80 90
V (V)
Central contact low level of
leakeage current, <1pA @ 80V
14 Direct bias V=0.5V 1=0.8 uA

nitrogen
cooling __

HPGe __ |
diode
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Test of small HPGe prototype: detector configuration

Depletion Voltage - Energy resolution

17 y T ' | ' T ' T ' | ' T y T

1 241Am ] = L10
= 16- = .
XY =
g 1 - _
5 15- -
9 _ 0.9
= S
T 14- . N
(@] ~
2 ] 08 = central contact
s °1 ., " = 0.68 keV @ 59.54 keV (?!Am)
o
S ® o =
E 12- e ® o o0 ¢ o e 07 » detector fully depleted
o ' . - | (plateau of normalize
Z 11- 0e integral)

0O 5 10 15 20 25 30 35 > very good energy resolution

Bias V (V)
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Counts
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Test of small HPGe prototype: detector configuration

E= 59.54 keV
FWHM=0.68

80 100
Energy (KeV)

241

Am

E=121.78KeV
FWHM= 0.75 keV “Eu
1000 -
120 140 :
M‘ E= 244.69 KeV E\T\;‘a“hj ;2;{_ :J( f(\;\f
100 4 i‘ FWHM= 0.90 KeV
P ]
c ]
3
3 ]
o
10 5
14

50 100 150 200
Energy (KeV)

300 350 400

Counts

1000

100 4

104

v

E= 81KeV g
FWHM= 0.71KeV
E= 356.01KeV
E=302.86Key | WWHM=1.00KeV
FWHM= 0.95KeV
E= 276.4KeV

FWHM= 0.88KeV E= 383 86KeV

FWHM= 0.94Ke

50

100

150 200 250 300 350 400
Energy (KeV)

Good energy resolution in all the energy range up to 400KeV
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HPGe segmentation process at LNL-INFN

Photolithography
Shallow n* (Sb) contact by PLM Gold deposition (sputtering) segmentation of n* contact

P-type HPGe on n* contact (2 segments and guard ring)

Area: 1 cm? Segments gap: Esternal gap
» 0.4mm fixed: 0.4mm
> 0.2mm
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Photolithography segmentation detector (LNL-INFN)

UV exposure

] 4 )
(mask) —_

Dissolve the exposed
photoresist

- J

N\

long soft bake
photoresist

[ Short Soft bake ] .
Spin coating positive _——" | photoresist (1 min) [
photoresist on gold

coating surface

Rotation

subsirat oaay (15min)
r /
: Photoresist
HPGe etching and
‘ _8 , removal , Gold etchant
passivation
(aceton) \-

INFN
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Segmentation morphology characterization

Gap between segments: 0.4 mm

guard ring

N
. N
SEM HV: 10.0 kV ‘ WD: 10.66 mm VEGA3 TESCAN

SEM HV: 10.0 kV ‘ WD: 10.66 mm

View field: 3.03 mm -Date(mldly): 11/23/18 Performance in nanospace

HPGe litografia

View field: 3.03 mm -Date(mldly): 11/23/18 Performance in nanospace

INFN
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Segmentation morphology characterization

Gap between segments: 0.2 mm

guard ring

SEM HV: 10.0 kV WD: 10.00 mm | VEGA3 TESCAN
SEM MAG: 95 x Det: SE 500 pm
View field: 2.92 mm | Date(m/d/y): 11/23/18 Performance in nanospace
HPGe litografia

SEM HV: 10.0 kV WD: 10.00 mm VEGA3 TESCAN
SEM MAG: 95 x Det: SE 500 pm
View field: 2.92 mm | Date(m/d/y): 11/23/18 Performance in nanospace
HPGe litografia
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Segmentation morphology characterization: critical points

Spin coating

Residual gold layer after gold etchant
(not uniform etching and passivation)

Photoresist
accumulation
on the corners

INFN
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Segmentation morphology characterization: process optimization

Gold deposition mask
Spin coating optimization parameters (time, rotation speed)

hot acetone,

HPGe etching

Gold etching
(HNO,:HF, 3:1)
_— L

Clean surface out off the gold contacts

Thin photoresist layer

INFN
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Test of small segmented HPGe prototypes

Test (T=110K):

- Diode configuration
- |-V segments

resistance
- Detector configuration

- Depletion voltage
- Energy resolution

W. Raniero (LNL - INFN)

- Electrical passivation
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PSeGe 2019 |

Istituto Nazionale di Fisica Nucleare



24

Test of small HPGe prototype: diode configuration

ground V=0

ground

First methanol passivation

gap 0.4mm
-AV
1E14
1E-8 = 1° passivation
1E-9 1E13
1E-10 _ 1E12
£
1E-11 - o)
n " E’ 1E11
1E-12 an”
l....
1E-13 T n" 1E10
at
n a"n
= Em
1E-14 | — T T T T T T 1E9
0 5 10 15 20 25 30 35 40
V (V)

ground AV =g

1° passivation

. - . [ ] |
- | |
I I ! ] v I ] v I
0.0 0.2 0.4 0.6 0.8 1.0
V (V)
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Test of small HPGe prototype: diode configuration

gap 0.4mm
1E14 = 1° passivation
] = annealing
1E13 e . " = o
Annealing: 100°C - 40h . -
1E12 4
'E ;
=
S ]
o 1E11—§
1E10é = = = = . ..
1E9 - -
0.0 0.2 04 0.6 0.8 1.0
V (V)
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Test of small HPGe prototype: diode configuration

Second methanol passivation

gap 0.4mm
= 1° passivation
1E14 5 = annealing
] m  2° passivation
E ||
1E13 5 . = 1 (.
] . [
1 [
__1E12;
E 3
<
e 1E11 -
o
1E10 . " - - | B B 3l B
1E9 v T T T v T T v T
0.0 0.2 0.4 0.6 0.8 1.0

V (V)
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Test of small HPGe prototype: detector configuration

Normalized Integral (counts/s)

Depletion Voltage - Energy resolution

gap 0.4mm
Seg 1 Seg 2
23 T T T T T T T T T T 10 24 1 1 1 1 1 1 I ] 10
22 _ .... == . u . 23 . mg" u m N ™ . =
4 ™ — g | n
21{ = -3 22
] 241 -0.9 c : - 241 L 0.9
20 n Am S 214 Am
] -y (%] i -
19 - > = 20- . >
1 . x < ] X
18 -08 ™ o 194 - 0.8 =
- = e : =
17 L £ 18- T
b ® g "] b ;
16 .o - @ q74 ° . L
15_‘ ° ....o e ® o . -0.7 g 16—. ® o 0,00 * . L 0.7
| s | =
144 = S 154 .
13 — 1 1 ——r——7———T1——— 71— 0.6 14 J T Y T Y T Y T Y T J T ’ T J — 0.6
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Bias V (V) Bias V (V)

0.7 keV @ 59.54 keV (2*1Am)

» detector fully depleted INFN
> very good energy resolution W. Raniero (LNL - INFN) PSeGe 2019 '
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Test of small HPGe prototype: detector configuration

Segment1l gap 0.4mm
133
241Am Ba
E = 59.54 keV Ny
FWHM = 0.69keV N
1000 - e FWHM = 0.73 keV
E = 356.01 keV
FWHM = 0.80 keV
& 100 o 100 - E = 302.86 keV
g ] § ] FWHM = 0.60 keV E = 383.86 keV
8 o FWHM = 0.90 keV
o E = 276.4 keV
FWHM = 1.0 keV
10 -
I . ll.ll.‘.....
20 40 60 80 100 120 140 50 100 150 200 250 300 350 400

Energy (keV)

Energy (keV)

Good energy resolution in all the energy range up to 400KeV
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Counts

Test of small HPGe prototype: detector configuration

Segment2 gap 0.4mm

133

241 Ba
E = 59.54 keV Am ;
FWHM = 0.70keV ] E=81.00kev
1000 - t000  FWHM=072keV
: : E = 356.01 keV
FWHM = 0.98 keV
100 - o 1004 E = 302.86 keV
: c : FWHM = 0.96 keV
3 E = 383.86 keV.
© E = 276.4 keV FWHM = 1.0 keV
FWHM = 0.97 keV
10 4
T T T T T T T T T ' 14 T T |||I| T T T T T 1
20 40 60 80 100 120 140 50 100 150 200 250 300 350 400
Energy (keV) Energy (keV)

Good energy resolution in all the energy range up to 400KeV INEN
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Test of small HPGe prototype: detector configuration

Normalized Integral (counts/s)

30

Depletion Voltage - Energy resolution

gap 0.2mm
Seg.1
22 N I I I I 1 I I 10
1 n
21 . "
4 ...lll [ ]
20{ -—— nm 0.9
19 - . " 241Am
18 -
] L 0.8
17 -
4 |
161 ¢ ® ® [ ] o
T ® 00 %0, o o ol
- 0.7
14 -
13 ' I I I I 1 I I 06
0 5 10 15 20 25 30 35

Bias V (V)

» detector fully depleted
» good energy resolution

FWHM (keV)

Normalized Integral (counts/s)

1.0

24
23
22
21
20
19 -
18 -
17 -
16 -
15-
14-
13 -

-0.9

o
o0
FWHM (KeV)

I
e
=]

10

—- 0.6

Bias V (V)
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Counts

Test of small HPGe prototype: detector configuration

Segment gap 0.2mm

241, _ 133g,
E = 59.54 keV ]
1000 FWHM = 0.71keV 1000 - E = 81.00 keV
] FWHM = 0.71 keV
o 100 E = 356.01 keV
- 5 FWHM = 1 keV
3
o
10 -
e 5 ||\,|||,I,l,_~,
20 40 60 80 100 120 140 50 100 150 200 250 300 350 400
Energy (keV) Energy (keV)

Good energy resolution in all the energy range up to 400KeV INEN
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Summary

- We have shown that PLM is a good technology to perform contacts in HPGe detectors.
- With this technology we have substituted Li with Sb for the n* contact.

- We have verified that the PLM technology can be scaled up to a larger surface.

- The photolithography technology permits to segment the HPGe detector

- We have verified that the chemical passivation between the segments has high electrical
resistance

INFN
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Work in progress

- Development bigger HPGe detectors: PLM Sb contact deposition, photolithograpy
segmentation, etc.

- Optimization of the gap between segments

- Development of p* and n* contacts on HPGe with other materials by PLM
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KrF Excimer lasers
coherent COMpex 201

A1=248nm;

=25 ns;

spot size = 5.1x5.1mm;
Rate = 10Hz

Fluence = 400 mJ/cm?
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DIAPHRAGM :

! fll l 1
SAMPLE ,

/

Pulsed Laser @ LNL-INFN

Nd:YAG (Quantel YG980)

A=355 nm (third harmonic generator)
7=7 ns; P=6,5 mm; Rate = 10Hz
Radiant power ~1500 mW

Fluence ~300-400 mJ/cm?
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