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Motivation (Physics)

= Germanium (Ge) is a leading material in the direct detection of low-mass dark
matter and neutrinoless double-beta (OvSfS) decay.

= Also, Ge has great potential to improve the sensitivity of neutrino experiments
Including coherent elastic neutrino-nucleus scattering (CEvNS). This is
because Ge has the following advantagesl!i!:

o Relatively high atomic number

o Commercial availability of large detector volumes (10 cm diameter boules)
o Ability to fully deplete thick detector layers (a few cm) ‘

o Near-perfect charge collection
o Favorable charge generation statistics

—

High detection efficiency

Excellent energy resolution
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Low-Mass Dark Matter Searches

= Extremely low energy threshold is required to detect MeV-scale dark matter. Ge-based
SuperCDMS experiment can achieve the lowest threshold (~50 eV) of any dark matter experiment
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Ovfp 6 Decay

= (e detectors achieve the best energy resolution of any OvBf decay experiment, while also
providing detailed information on the event topology!3l.

= 76Ge-based experiments, GERDA and MAJORANA DEMONSTRATOR, have achieved the
lowest background of any OvfS S decay experiment when normalized to energy resolution and
operate in a quasi-background-free regimels.,
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CEVNS

= Experimental signature — less than about 50 keV of energy deposited from nuclear recoil -
extremely low energy threshold is required®. Ge-based experiment, TEXONO, can achieve
the lowest threshold (~200 eV) of any CEVNS experiment!].
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Motivation (Technology)

1.
B-implanted p* contact 1. cylindrical
" \p 2. conical _
H1 3. double conical
B p+ contact
ar || ﬁ*‘ contact
— = active volume

2.

D2 3.

- -

H1

F
Li-diffused n* contact

PPC-type Ge detector used by MJDI] BEGe-type Ge detector used by GERDA]
(600 g to 1kg) (600 g to 1kg)

= Advantages: Excellent energy resolution and pulse shape discrimination (PSD) capability.
= Disadvantage: Cannot go larger size (> 1 kg) per detector due to the “pinch off” effect and an un-depleted
region in the middle of the detector, which result in degrading energy resolution.
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n* contact

Well

76Ge

J9Aeq uonisuels) I\

j ﬁ
groove chontact

Signal

ICPC-type Ge detector
(2-3kg)
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Motivation (Technology)

= LEGEND-200 and LEGEND-1000 will use enriched
6Ge inverted coaxial point contact (ICPC) detector, a
concept invented at ORNL, that has been proven to

overcome “pinch-off” for a detector with a mass of >2
kg 1,

TwWO ISSUes:

= |t has not been proven yet that a >4-kg detector does not have an
un-depleted region in a long ICPC detector geometry.

= The n* contact layer (0.8 — 1 mm thick) made from Li diffusion
causes the “dead” Ge (inactive in charge collection), which is the
largest component of the inactive material for LEGEND-1000.
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Detector Development at USD

/a-(je \

Well

Al/a-Ge point contact
N

d

7 8rOOVE  point contact
Al/a-Ge contact Signal
Ge Detector utilizing Internal Charge Ge Ring-Contact (GeRC) Detector (suggested by Thin-contact ICPC Ge detector
Amplification (GelCA) (shown is a planar PPC Dr. David Radford for LEGEND)
Ge detector as an example)
« May allow for larger crystals (>3kg) than the ICPC + Expect to have similar energy resolution
« Can achieve an ultra-low energy threshold of design. and PSD capability as PPC and BEGe.
~0.1 eV theoretically®!. * Expect to have similar energy resolution and PSD * Expect to largely reduce the dead Ge
capability as PPC and BEGe. materials with thin contact made of a-
* Can be fully depleted without “pinch-off” region Ge (~600 nm).

based on Monte Carlo simulation conducted by Dr.
David Radford.
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R&D of GelCA at USD
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Main Research Studies

0 Fabrication and characterization of planar Ge detectors at 77 K and 4 K to:

= have a good understanding of the relationship between the fabrication process parameters
and the detector performance

o Charge barrier height of a-Ge
o Detector performance in LAr and LN,
o Investigation of the electrical conduction mechanism of a-Ge

= provide feedback to our Ge crystal growth process

d Fabrication and characterization of mini-PPC Ge detectors
= Planar PPC
= Cylindrical PPC
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Fabrication of Planar Ge Detectors at USD

a-Ge
Al
P-type
HPGe
A \
a-Ge
Fig.1. The typical geometry of the HPGe detectors without a guard-ring structure fabricated Fig.2. Left: the schematic cross-sectional view of a typical guard-ring
at USD: cross-sectional view (left), top view (middle) and the detector after chemical detector fabricated at USD; Right: the top view of a guard-ring detector.

processing (right).
Fabrication process:

1. Mechanical processing — cut and lap to achieve desired shape and dimensions.
2. Chemical processing — etch in HNO4:HF to remove mechanical damage and prepare surfaces for electrical

contact deposition.
3. Electrical contact deposition — sputter amorphous Ge and Al to form charge carrier blocking contacts.
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Detector Characterization

Detector
USD-R0O3

Variable
Temperature
Stage

Temperature
Sensor

Heater

4 K cryostat built at USD* 79 K cryostat from LBNL

. |-V characteristics - |-V characteristics

- Spectroscopy measurements - C-V characteristics
- Spectroscopy measurements

* This 4 K cryostat was built by Prof. Jing Liu and graduate students at USD.
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Testing Setup at 4 K
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« PTR allows us to characterize the detector at liquid helium temperature, ~4 K.
« Still working on fixing some noise Issues.
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Detector
USD-R0O3

Variable
Temperature
Stage

Temperature
Sensor

Heater

Testing Setup at 79K
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Charge Cryostat with detector inside HV filer PC installed with
sensitive R == :

7 *'vfa, \

preamp

Multimeter ey | o

Transimpedance

amplifier
ORTEC 671
Shap.ll'.'lg CANBERRA 814Fp ORTEC927 CANBERRA 31060 Digital storage
amplitier MCA oscilloscope

pulser HV power supply

( Transimpedance]___[_‘
Voltmeter
L Amplifier Oltmete
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\/1 Bulk Leakage
current
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A Summary of Planar Ge Detectors Made at USD

Detectors Fabrication Crystal Thickness Full Leakage N; from C-V N; from Hall effect FWHM FWHM at
Date Number (cm) Depletion Current @V Measurements Measurements (/cm3) (keV) Pulser Peak

Voltage (V) at 79 K (pA) (/cm3) (keV)
1 USD-L01 12/06/2017 5-26-17A 0.54 1.31 700 1 4.25x 1010 (1.5~1.7)x 101° 1.57@662 keV 1.01
2 USD-L06 02/17/2018 10-23-17C 0.85 1.72 1200 1 2.94x 1010 (2.6~4.0)x 101° 2.22@662 keV 1.67
3 usD-L07 04/11/2018 10-23-17C 0.85 2.00 1000 1 2.45% 1010 (2.6~4.0)x 101° 1.59@662 keV 1.19
4 USD-L08 04/05/2018 10-23-17C 0.85 1.70 800 2 1.96 x 1010 (2.6~4.0)x 1010 1.38@662 keV 1.03
5 USD-W02* 8/14/2018 5-2-17A 1.04 0.34 500 <1 8.18x 10° (0.5~3.0)x 1010 2.97@662 keV 1.10
6 USD-R02* 12/13/2018 5-2-17A 0.65 0.39 700 <1 2.93 x 1010 (0.5~3.0)x 1010 2.16@662 keV 1.67
7 USD-RO3* 02/27/2019 5-2-17A 0.81 0.54 1400 2 3.78% 101 (0.5~3.0)x 101° 2.12@662 keV 1.23
8 USD-RL 05/02/2019 12-20-17A 1.08 3.22 400 7 6.07x 10° (0.6~7.0)x 101° 2.55@662 keV 1.93
9 USD-W03*  05/30/2019 5-4-18C 0.94 0.46 1300 <1 2.60 x 101° (1.2~2.6)x 101° 2.35@662 keV 1.33
10 USD-W04 06/20/2019 12-20-17A 1.08 3.22 300 4 4.55x 10° (0.6~7.0)x 1010 2.89@662 keV 2.38
11 USD-W07+  06/23/2020 5-4-18C 0.94 1.96 250 0.4 - (1.2~2.6)x 101° 4.15@662 keV 3.68
12 USD-R047 03/05/2021 12-20-17A 0.83 1.43 1600 16 4.11x 100 (0.6~7.0)x 101° 1.16@60 keV 1.05

*Guard-ring detectors. * Line-contact detector. *Leakage current measured with the Am-241 source inside the cryostat.
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(Cont.)

13
14
15
16
17
18
19

20

21

ALeakage current measured with the Am-241 source inside the cryostat.
*The data taking time is not sufficient for measuring the actual FWHM. The actual FWHM should be slightly higher than this value.
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A Summary of Planar Ge Detectors Made at USD

Detectors

USD-R0O8”

USD-R0O9%

USD-R11~

USD-R12~

USD-R14

USD-WO09

USD-KMO1

USD-W10

USD-KMO02

Fabrication

Date

04/09/2021
04/16/2021
04/23/2021
05/19/2021
06/25/2021
02/17/2022
02/25/2022
03/24/2022

03/31/2022

Crystal
Number

1-24-19A
1-24-19A
1-24-19A
1-24-19A
5-6-21A
10-23-17C
9-16-21A
10-23-17C

10-23-17C

Thickness

(cm)

0.55
0.55
0.39
0.70
0.45
0.78
0.32

0.80

0.85

Active
Area
(cm?)

1.43

1.43

1.43

1.43

2.56

0.37

1.44

0.37

0.49

Full
Depletion

Voltage (V)

800

1200

500

1300

1600

900

800

900

800

Leakage
Current @V,
at 79 K (pA)

15
16

18

0.2
1.7
0.9

0.3

N; from C-V

Measurements

(/cm3)
4.67x 1010

4.11x 1010
7.02 x 100
4.70x 1010
1.40x 101
2.62x 1010
1.38x 1011

2.50x 1010

2.21x 1010

N; from Hall effect
Measurements
(/cm3)

(0.6~1)x 1010

(0.6~1)x 101°
(0.6~1)x 101°
(0.6~1)x 1010
(0.7~1.8)x 1011
(2.6~4.0)x 101°
0.3~2.0)x 10!
(2.6~4.0)x 1010

(2.6~4.0)x 1010

FWHM
(keV)

1.85@60 keV
1.68@60 keV
2.38@60 keV
2.32@60 keV
1.56@60 keV
1.04@60 keV
1.30@60 keV
0.77@60 keV*

0.99@60 keV

FWHM at

Pulser Peak
(keV)

1.68

1.51

2.19

2.17

1.52

0.94

1.28

0.75*

0.95
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A Summary of PPC Ge Detectors Made at USD

Detectors Fabrication
Date

1 USD-WO06*  02/12/2020

2 USD-K01*  02/21/2020

3 USD-RO6*  09/04/2020

*Planar shape. *Cylindrical shape.

Crystal
Number

12-20-17A

12-20-17A

10-23-17C

Thickness/
Diameter

(cm)

1.08/N/A

0.94/2.34

0.60

PC Diameter
(mm)

0.6

1.55

2.5

Full
Depletion
Voltage
(V)

70

170

450

Leakage
Current at Full
Depletion (pA)

1.7

<2

N; from
GeFiCa(/cm3)

3.3%x 10°

N; from Hall effect
Measurements

(/em3)
(0.6~7.0)x 1010
(0.6~7.0)x 1010

(2.6~4.0)x 1010

FWHM
(keV)

3.19 @
662 keV

2.67 @
662 keV

1.10 @
59.5 keV

FWHM at
Pulser
Peak
(keV)

1.43

1.03

0.96
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An Example Planar Detector — USD-R03

USD-R03

About this detector:

* Crystal: USD-5-2-17A

» Detector made by Rajendra Panth (USD) using facilities at USD.
« Dimensions (top): 1.81cm (L) x 1.77 cm (W) x 0.81 cm (T)

« Net impurity concentration: 3.78 x 101%/cm3

* Depletion voltage (V,): 1400 V

« Center contact leakage current at 79 K: 3 pA @ V4

e Mass: 13.89
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-V, C-V and Energy Spectrum Measurements

x10° ) -
0.3 9] 10*
: 16| [ 2.12 keV FWHM 1.23 keV FWHM
assl ' J | @ 662 keV @ Pulser
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3 i 10°
| | H \ /
€ 02/ o 12| s | f
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Vs (V) V. (V) Energy (keV)
: . : Energy spectrum from a Cs-137 source measured with
Measured leakage current density plotted as a Measured detector capacitance as a function of the d?t/ecrt)or USD-RO03. The source was positioned
function of bias voltage at 90 K for detector USD-R03. bias voltage for detector USD-R03 at 79 K. '

facing the detector bottom. The bias voltage of -2500 V
was applied to the bottom electrical contact on the
detector while the signals were measured from the top

Full depletion voltage: V;4 = 1400 V
Crystal impurity concentration: N = 3.78 x 10'° /cm?3
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A Planar PPC Ge Detector with a-Ge Contact Made at USD

About this detector (USD-WO06):

« Crystal: USD-12-20-17A
* Detector made by Wenzhao Wei (USD) using facilities
at USD.
* Impurity Concentration: 3.3x10%cm?3
« Depletion voltage (V): 60 V
* Leakage current: 0.5 pA @ V4
* Thickness: 0.94 cm
Al/a-Ge point contact * Bottom Length and Width: 2.12 cm and 2.08 cm
N « Top (outer) Length and Width: 1.37 cm and 1.37 cm
« Top (inner) Length and Width: 0.77 cm and 0.77 cm
« PC Diameter: ~0.6 mm
* Mass: 9.79

f
Al/a-Ge contact



5/13/2022

Detector Performance at 79 K

Shown is the detector USD-WO06 loaded in a variable
temperature cryostat for characterization.

Wenzhao Wei

Leakage Gurrent (pA)

Detector Capacitance (pF)
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Measured leakage current as a function of bias voltage at 79 K
for detector USD-WO06.
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Measured detector capacitance as a function of bias voltage at
79 K for detector USD-WO06.
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Detector Performance at 79 K (Cont.)
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Energy spectra of a Am-241 source measured with the detector USD-WO06. The spectra were
taking at three voltages, 200 V, 300 V and 400 V with the source placed at the top and the

bottom of the cryostat, respectively.

Energy | FWHM at FWHM at | Relative
the energy |the pulser | statistic
peak (keV) | (keV) driven

energy
resolution
(%)

24 1.11 1.06 1.37

27.5 1.17 1.06 1.80

59.5 1.16 1.06 0.79

The FWHM of three energy peaks from Am-241 and the pulser peak at
400 V when the source was placed at the bottom of the cryostat. The
energies presented here are the expected values. For each energy peak,
the relative statistic driven energy resolution was determined by
subtracting in quadrature the FWHM at the pulser from the FWHM at the
energy peak and then divided by the energy.

This study has been converted into a scientific paper. For more information, please refer to EPJ C 82, 203 (2022), or arXiv: 2105.02109.




Cylindrical Mini-PPC with Li/Al and a-Ge/Al Contacts

Lithiation

Contact Formation

Sputtering

Al Contact

About this detector (USD-K01):

e Crystal: USD-12-20-17A
Detector made by Kyler Kooi (USD) using
facilities at Lawrence-Berkeley Lab and USD.
o LBL: Mechanical processing and Lithiation
o USD: a-Ge, Al sputtering, Testing

e Impurity Concentration: (4~5)x10°%cm?3
e Depletion Voltage: 170 V

e Leakage Current: <1.5 pA up to 1000 V
e Height: 9.4 mm

e Diameter: 23.4 mm

e PCDiameter: 3.1 mm

e PC Height: 0.4 mm

e Mass: 21.59



Detector Performance at 79 K

Relative Capacitance (V)

@ Leakage Current (pA) @ Pulser Amplitude (V)
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A Cylindrical PPC Ge Detector with a-Ge Contact
Made at USD

About this detector (USD-R06):

* Crystal: USD-10-23-17C

« This crystal was cut by Prof. Rusty Harris’
group at TAMU.

« The detector was made by Rajendra Panth
(USD) at USD.

« Height: 6.0 mm

« Diameter: 5.5 mm

* Point contact diameter: ~2.5 mm

* Depletion voltage: 450 V

« Leakage current at depletion voltage: <2 pA
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Detector Performance at 79 K

12 -
: — 2
. 10 i — 2 5
s 8 o 2
5 2 ‘N ~
E 6 10 > >
(ﬂJJ ‘,-' =< i~
E 4 & 17,) E 5
-] : - . .
4 2 —— s A g E é
0 e L-“"" e bk ° 10 E_ E E
0 250 500 750 1000 O —
Bias Voltage (V) —
Measured leakage current as a function of bias voltage at 79 K. 1 =
5500 —
5000 ‘T [ ! | ! ! ! | ! ! ! |
s \ 20 40 60 80 100 120
g 4500 11 Energy [keV]
IS \
8 4000 |
S ~
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S0 280 — — 1000 detector while the signals were read-out from the top.
Bias Voltage (V)

Measured relative detector capacitance versus bias voltage at 79 K.
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R&D of Ge Ring-Contact Detectors at USD
(Funded by NSF)
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R&D of Ge Ring-Contact (GeRC) Detectors

- Project Goal: To advance novel Ge detector technology —
GeRC in order to study the flexibility of using large-size Ge
detectors for LEGEND-1000. To achieve this goal, the following
three objectives are determined:

1. Fabricate the first GeRC detector with a mass of ~2 kg from an
existing USD-grown crystal. The fabrication will be conducted in
Prof. Rusty Harris’s lab at TAMU.

A USD-grown crystal with a mass of 2.2 kg and an

mﬁglfgpfggygggn of (2.06 ~ 2.68) x 10"/cm® 2. If the detector is successful, we will investigate the energy
resolution and pulse shape properties of this detector. The
— characterization will be conducted in Prof. John Wilkerson’s lab at
— UNC.
3. Grow a new crystal with a mass of >3 kg for fabrication and
j E characterization of the second GeRC detector.

Schematic cross-sectional drawing of the
detector geometry.

(suggested by Dr. David Radford from ORNL)
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Two Crystals for Test Fabrication

Crystal: 7-13-16A

Mass: 627 g

Diameter: 68 mm
Thickness: 30 mm
Impurity Level:

Top: 6.7x 101%/cm?3
Bottom: 1.0x 101%/cm3

Crystal #1

Axial position [mm]

25

20

15

10

Potential vs. Position

-20 -10 0 10 20
Radial position [mm]

3000

2500

r 2000

r 1500

1000

500
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Axial position [mm)]
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»> C(Calculated capacitance at 3000 V: 31.219 pF
Writing weighting potential to file fields/wp_usdl.dat
Estimated depletion voltage (or pinch-off?) = 2271 v

Minimum bulk field = 1@62.0 V/cm at (r,z) = (23.2, 21.5) mm

P —

Crystal: 12-18-19A
Mass: 384 g

Diameter:

Top: 65 mm

Bottom: 72 mm
Thickness:

Left: 21 mm

Right: 18 mm

Impurity Level:

Top: (2.4~2.7)x 101 /cm3
Bottom: 1.6x 10%°/cm3

Crystal #2 (backup)

Axial position [mm]

Potential vs. Position
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Radial position [mm]
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10?

== Calculated capacitance at 3000 V: 31.219 pF
Writing weighting potential to file fields/wp_usdl.dat
Estimated depletion voltage (or pinch-off?) = 2271 v

Minimum bulk field = 1862.0 V/cm at (r,z) = (23.2, 21.5) mm




5/13/2022 Wenzhao Wei CoSSURF 2022

About USD Crystal 10-23-17C

4000

104

3500

Potential vs. Position Field vs. Position

o - o [ T T
M'ass: 22479 . w0l o
Diameter: 10cm WF _ _
Thickness: 5.4cm : 2000 3 3 : - 4
Impurity Level: 204 1
2.06 x 101°(top)~2.68 i oo T
x 101°/cm? (bottom) , - | - ¥ A .

-40 -20 0 20 40 -40 -20 0 20 40
Radial position [mm] Radial position [mm]

[
&

i

[
8

n
N
o

Axial position [mm]
Potential [V]
Field [V/cm]

Axial position [mm]

500

Detectors Impurity from C-V . )
Input: Output from Siggen:

USD-L06 2.94x10%0/cm3 1. Impunty C_oncentration: (206 ~294) x10%%/cm? == Calculated capacitance at 4000 V: 28.639 pF
2. Applied bias voltage: 4000 V on the n+ contact. o e e file field oy
USD-L07 2.45x10%%/cm? 3. The same height and radius as the real crystal, |78 "t potentaat fo fae Tends/uped. cat
4. Hole diameter: 20 mm Estimated depletien voltage (or pinch-off?) = 3729 v
- 10 3
USD-L08 1.96x10%/cm Minimum bulk field = 356.9 V/cm at (r,z) = (25.5, 25.0) mm
USD-wWO09* 2.62x10%%cm3
USD-W10 2.50x10%%/cm?
USD-KM02 2.21x10%%/cm?

+*WO09 is made from LO7.
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R&D of Thin-Contact ICPC Ge Detectors (Under Plan)

a-Ge = Project Goal:

- Advance the novel Ge detector technology, ICPC, with thin contact made of a-Ge
(=600 nm) in order to study an alternative technology option in background rejection

for LEGEND.
H - - -
groove EP'MIC‘-"“H“ = Project objectives:
'ena 1. Measurements of the dead layer of thin-contact detectors using the existing mini-

Fig. 1: A sketch of a BEGe detector PPC detectors with 2°Sr and #**!Am sources to study the surface events response
geometry. and their pulse shape properties.

_ate~ 2. Proof of the thin-contact technology with an existing USD-grown crystal by

Wl fabricating a thin-contact broad energy Ge (BEGe) detector (Fig. 1).
o © 3. Growth of large-size crystals to fabricate a thin-contact ICPC detector (Fig. 2) with
N Ge a mass of >2 kg for studying the energy resolution, the pulse shape properties,

2 and the long-term stability by deploying the detector in LAr. We will focus on

- testing its robustness in handling using glovebox.

o 4. R&D of sputtering a thin film (~1mm) of PEN (polyethylene naphthalate) onto the

- 1N outer surface layer of the thin-contact detectors to reduce the surface a and 3

e particles from 21°Pb and 4°K decays.

Brooveé  pgint contact

Signal

Fig. 2: A sketch of a thin-contact
ICPC detector geometry.
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Modularized HPGe Detector System for Undergraduate Education

SThanrve "

-
=
=1
=
=

TYLNOZI¥OH

Modularized HPGe detector system.

* Project leader: Prof. Jing Liu at USD
* Project goal: Develop an affordable and easy-to-access Ge detector testing
system for undergraduate students to learn about Ge detectors. A typical signal pulse.
(we are working on reducing the electronic noise to improve the performance.)
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Conclusions

- USD Ge detector group has successfully fabricated 21 small planar detectors
and 3 mini-PPC detectors with good detector performance so far using USD-
grown crystals.

- Three new types of Ge detectors including GelCA, GeRA and thin-contact
ICPC are under development at USD for low-mass dark matter and OvSf
decay searches.

- A modularized HPGe detector testing system is under development at USD for
undergraduate students to learn about Ge detectors.

- USD is able to characterize Ge detectors at both 79 K and 4 K.

- A new sputtering system funded by NSF is expected to be installed at USD
this summer. This will allow us to fabricate large-size Ge detectors in the

future.
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About Internal Charge Amplification

* The detection of low-energy deposition in the range of sub-eV through ionization using germanium (Ge) with a bandgap of ~ 0.7 eV
requires internal amplification of the charge signal. This can be achieved through high electric field that accelerates charge carriers,
which can then generate more charge carriers.

* With large localized E-fields, the ionized excitations can be accelerated to kinetic energies larger than the Ge bandgap at which
point they can create additional electron—hole pairs, producing intrinsic amplification to achieve an ultra-low energy threshold
of ~ 0.1 eV for detecting low-mass DM particles in the MeV scale.

* In comparison with the current SuperCDMS and EDELWEISS experiments, there are two main differences: (1) charge creation and (2)
internal amplification. For the former, in our technology, the charge is created by ionization of impurities, which allows an
experiment to access even lower energy deposition (~ 0.1 eV) comparing to SuperCDMS or EDELWEISS at which the charge is mostly
created by ionization of Ge (~ 50 eV). In the case of the latter, we propose to internally amplify charge using avalanche while
SuperCDMS and EDELWEISS internally amplify signal through emission of Luke phonons.

Please refer to our paper, EPJ C 78, 187 (2018) for more information.
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About Sputtering

Process of Sputtering

The principle of Sputtering is to use the energy of a plasma (partially ionized gas) on the surface of a target (cathode), to pull the atoms of the material one by one and
deposit them on the substrate.

Todo this, a plasma is created by ionization of a pure gas (usually Argon) by means of a potential difference (pulsed DC), or electromagnetic excitation (MF, RF); this plasma
is composed of Ar™ions which are accelerated and confined around the target due to the presence of a magnetic field. Each ionized atom, by striking the target, transfers
its energy and rips an atom, having enough energy to be projected to the substrate.

The plasma is created at relatively high pressures (107 - 103 mbar), but it is necessary to start from a lower pressure before the introduction of Argon, to avoid

contamination due to the residual gases. oc

RF

HIPMS

-V Power Source

Cathode —
Target —

Neutralized_ / ﬁ
Atom "\ /|

Sputtered
Film

Substrate
Holder
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About Sputtering

Benefits

Types of Sputtering 1. Insulators (e.g. aluminum oxide or boron nitride) and semiconductors can also be sputtered

The main types of Sputtering are discussed below:

2. the substrate heats up less

1. DC diode sputtering

With a OC voltage = 500 - 1000V, an argon low-pressure plasma is ignited between a target and a substrate. Positive argon ions precipitate atoms out of the target, which
then migrates to the substrate and condenses there.

Limitations

Only electrical conductors can be sputtered, as otherwise an opposing field builds up and the sputtering process stops. The other limitation is that only low sputtering
rates are achieved since only a few argon ions are formed.

2. RF sputtering

In radio frequency sputtering, a high-frequency alternating field is applied instead of the DC electric field. The necessary high-frequency voltage source is connected in
series with a capacitor and the plasma. The capacitor serves to separate the DC component and to keep the plasma electrically neutral.

The alternating field accelerates the ions and the electrons alternately in both directions. From a frequency of approximately 50 kHz, the ions can no longer follow the
alternating field due to their much smaller charge-to-mass ratio.

The electrons oscillate in the area of the plasma and there are more and more collisions with argon atoms. This results in a high plasma rate, a consequence of which is
the possible pressure reduction to about 107 - 102 Pa) with the same sputtering rate. This allows the production of thin layers with a different microstructure than would
be possible at higher pressures.

The positive ions move through a superimposed negative offset voltage on the target in the direction of the target and solve as in DC sputtering by collision atoms from
the target material. The subsequent sputter deposition corresponds to that of other sputtering methods.
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Charge sensitive
UF pre-amplifier Shaping amplifier

0.01

Oscilloscope

current Signal
MCA

I:I“V — Trg—{ —

bias 100 MQ | 100 MQ 0.01F

G D Pulser
Ol TT0.014F 0.014F g[:] 90 0

Electronic circuit for detector characterization

3.2 -V Characteristics

The main purpose of the C-V measurements (i.e. detector capacitance as a function of the detector
bias voltage) is to determine the full depletion voltage of the detector and in turn the impurity
concentration of the crystal. This can be done by applying a small voltage step from the pulser plus
a constant voltage from the high voltage (HV) power supply, as shown in the diagram in figure 4.
The capacitance (C) of a planar Ge detector is similar to that of two flat, parallel metallic plates.

That is:
C = M‘ (3.5)

Iq
where A is the active cross-section area of the detector and 14 is the depletion depth of the detector,
which is related to the applied detector voltage (V) through:

2epeG.V 12
ty =(————)"'", 36
d = N ) (3.6)

where ¢ is the elementary charge and N is the impurity concentration of the crystal.

W.-Z. Wei et al. EPJ C 82, 203 (2022)

W.-Z. Wei et al. JINST 13 (12), P12026 (2018)
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Comparison between Monte Carlo and Data

Simulated **'Am Spectrum

|

241Am, 60 keV Gammas

10¢

Measured **'Am Spectrum (Bottom, 400V) \ 1

—1=5=5-1-11

In, 24 keV X-Rays In, 27 keV X-Rays

Counts

l 1 1 1 l 1 1 1

102'—111|||111|n|||

1 I L L1 1 l

Lt
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Energy(keV)

A comparison between the Monte Carlo simulation and the measurement when the

source was placed at the bottom.

20 50 60 70

We conducted a Geant4-based Monte Carlo
simulation for the source at the bottom with a detailed
geometry of the cryostat.

The comparison between simulation and data
confirmed that the two distinct X-rays (24 keV and
27.5 keV) observed in the data are from indium due
to the process of fluorescence when 59.5 keV gamma
ray interacted with the indium foil which is close to the
detector on the inside of the cryostat.

These two distinct X-rays provide a good opportunity
to exam the detector energy resolution for low-energy
X-rays with energy below 59.5 keV.
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GeFiCa - Germanium Field Calculator
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The potential field distribution in the detector when a positive voltage of 55 V was The potential field distribution in the detector when a positive voltage of 60 V was
applied to the outside surface contact. The white area indicates that the detector applied to the outside surface contact. The absence of any white area indicates
is not fully depleted. that the detector is fully depleted.

* GeFiCa (Germanium Field Calculator), created by Dr. Liu and graduate students at USD to demonstrate analytic and numeric methods to calculate
static electric fields and potentials in HPGe detectors.

« A planar geometry with the same dimensions as the real detector (except four wings where the electric field is expected to be extremely low) has
been built in GeFiCa.
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Potential and Electric Field Distribution at 400 V
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The potential field distribution in the detector when a positive voltage of The electric field distribution in the detector when a positive voltage of
400 V was applied to the outside surface contact. 400 V was applied to the outside surface contact.

= The maximum electric field in the detector at 400 V is between 8,000 V/cm and 9,000 V/cm, which is significantly lower than the required minimum electric field of
15,000 V/cm for internal charge amplification to occur inside the detector. - No internal charge amplification can be observed at 400 V.
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Expected Electric Field Distribution at 900 V
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The electric field distribution in the detector when a positive voltage of 900 V was
applied to the outside surface contact.

10°

10

- Can reach 20,000 V/cm at 900 V - To observe the
internal charge amplification with this detector, the
applied voltage needs to be at least 900 V to reach the
required electric field of 15,000 V/cm.

- Unfortunately, due to the fact that the leakage current of
this detector jumped to a very high value starting from
around 420 V because of field penetration into a-Ge, we
were unable to apply the bias voltage beyond 400 V.

Future work:

- Optimize our fabrication process to improve the quality of
the a-Ge contact to achieve the required electric field to
observe the internal charge amplification.

This study has been converted into a scientific paper and now is available in
arXiv, please refer to arXiv: 2105.02109 for more information.
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Geometry Design Simplification

ANNEA NN

Y
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Top and bottom bulletization

Wrap around

Ring contact bulletization

Ring contact gap > ring contact length

» No bulletization for top and bottom (if no edge
rounding device is available in TAMU)

* No wrap around

* No bulletization for ring contact

* Ring contact gap = ring contact length
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Field Simulation from Siggen

Input:
1. Impurity concentration: (2.06 ~2.94) x101%/cm3
: : Weighting Potential vs. Position
2. Applied bias voltage: 4000 V on the n+ contact. ghkng
3. The same height and radius as the real crystal. so? ™ r
4. Hole diameter: 20 mm € I
£ 07 S
Qutput from Siggen: 5 w0 2 &
= o
=> (Calculated capacitance at 4008 V: 28.639 pF 8 £
Q 20 =
Writing weighting potential to file fields/wp _usd.dat o D
- 7]
Estimated depletion woltage (or pinch-off?) = 3729 v <>(< 10 1 =
-3
Minimum bulk field = 356.9 V/cm at (r,z) = (25.5, 25.8) mm OL' ’ J , L ' ' __I 10
—-40 -20 0 20 40

Radial position [mm]

1074
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Welighting Potential
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