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In the past few years, several interesting developments in microstructured
solid-state thermal neutron detectors have been pursued. These devices
feature high aspect-ratio cavities, filled with neutron converter materials,
so as to improve the neutron detection efficiency with respect to coated
planar sensors. In the framework of the INFN HYDE (HYbrid Detectors
for neutrons) project, we have designed new microstructured sensors aimed
at thermal and fast neutron detection. Owing to the different cross section,
neutron imaging is complementary to X-ray imaging allowing for a high
contrast in soft materials. To this purpose, the possibility to have pixelated
neutron detectors compatible with existing read-out chips (e.g., those from
the Medipix/Timepix family) is an important goal that was achieved in this
thesis. In this thesis the entire workflow will be described in detail, covering
the design, simulations, fabrication and characterization of 3D neutron
detectors for imaging produced at FBK. As a related topic, new 3D sensors
for the ”Phase-2” upgrades at High Luminosity LHC have been developed,
and some aspects relevant to the device simulation and characterization are
also reported in this thesis.
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tectors of Neutrons Based on 3D Silicon Sensors with Polysiloxane
Converter”, Conference Record of the IEEE Workshop on Room
Temperature Semiconductor Detectors, Seoul (Corea del Sud), 27th
October - 2nd November 2013, paper R05-39.

[4] G.-F. Dalla-Betta, M. Boscardin, G. Giacomini, M. Hoeferkamp,
F. Mattedi, S. Mattiazzo, H. McDuff, R. Mendicino, M. Povoli,
S. Seidel, N. Zorzi, ”Characterization of New FBK Double-Sided
3D Sensors with Improved Breakdown Voltage”, (Invited paper),
Conference Record of the IEEE Nuclear Science Symposium and
Medical Imaging Conference, Seoul (Corea del Sud), 27th October -
2nd November 2013, paper N41-1

9



[5] R. Mendicino, M. Boscardin, S. Carturan, M. Cinausero, G. Col-
lazuol, G.-F. Dalla Betta, M. Dalla Palma, F. Gramegna, T. Marchi,
E. Perillo, M. Povoli, A. Quaranta, S. Ronchin, N. Zorzi, ”Novel 3D
silicon sensors for neutron detection”, Journal of Instrumentation,
JINST 9, C05001, 2014.

[6] M. Bubna, D. Bortoletto, E. Alagoz, A. Krzywda, K. Arndt, I. Shipsey,
G. Bolla, N. Hinton, A. Kok, T.-E. Hansen, A. Summanwar, J. M.
Brom, M. Boscardin, J. Chramowicz, J. Cumalat, G.-F. Dalla Betta,
M. Dinardo, A. Godshalk, M. Jones, M. D. Krohn, A. Kumar, C. M.
Lei, R. Mendicino, L. Moroni, L. Perera, M. Povoli, A. Prosser, R.
Rivera, A. Solano, M. M. Obertino, S. Kwan, L. Uplegger, L. Viganig,
S. Wagnerf, ”Testbeam and laboratory characterization of CMS 3D
pixel sensors”, Journal of Instrumentation, JINST 9, C07019, 2014.

[7] A. Krzywda, E. Alagoz, M. Bubna, M. Obertino, A. Solano, K. Arndt,
L. Uplegger, G.-F. Dalla Betta, M. Boscardin, J. Ngadiuba, R. Rivera,
D. Menasce, L. Moroni, S. Terzo, D. Bortoletto, A. Prosser, J. Adreson,
S. Kwan, I. Osipenkov, G. Bolla, C. M. Lei, I. Shipsey, P. Tan, N. Tran,
J. Chramowicz, J. Cumalat, L. Perera, M. Povoli, R. Mendicino,
A. Vilela Pereira, R. Brosius, A. Kumar, S. Wagner, F. Jensen, S.
Bose, S. Tentindo, ”Pre- and post-irradiation performance of FBK
3D silicon pixel detectors for CMS”, Nucl. Instr. and Meth. A, Vol.
763, pp. 404-411, 2014.

[8] G.-F. Dalla Betta, C. Betancourt, M. Boscardin, G. Giacomini, K.
Jakobs, S. Kühn, B. Lecini, R. Mendicino, R. Mori, U. Parzefall,
M. Povoli, M. Thomas, N. Zorzi, ”Radiation hardness tests of double-
sided 3D strip sensors with passing-through columns”, Nucl. Instr.
and Meth. A, vol. 765, pp. 155-160, 2014.

10



[9] G. F. Dalla Betta, G. Batignani, M. A. Benkechkache, S. Bettarini,
G. Casarosa, D. Comotti, L. Fabris, F. Forti, M. Grassi, S. Latreche-
Lassoued, L. Lodola, P. Malcovati, M. Manghisoni, R. Mendicino,
F. Morsani, A. Paladino, L.Pancheri, E.Paoloni, L. Ratti, V. Re,
G. Rizzo, G. Traversi, C. Vacchi, G. Verzellesi, H. Xu, “Design and
TCAD Simulations of Planar Active-Edge Pixel Sensors for Future
XFEL Applications”, IEEE Nuclear Science Symposium and Medical
Imaging Conference (NSS - MIC’14), Conference Record, Seattle
(USA) 9 -15 Nov. 2014, paper N8-07.

[10] L. Ratti, D. Comotti, L. Fabris, M. Grassi, L. Lodola, P. Malcovati,
M. Manghisoni, V. Re, G. Traversi, C. Vacchi, G. Batignani, S.
Bettarini, G. Casarosa, F. Forti, F. Morsani, A. Paladino, E. Paoloni,
G. Rizzo, M.A. Benckechkache, G. F. Dalla Betta, R. Mendicino,
L. Pancheri, G. Verzellesi, H. Xu, “PixFEL: enabling technologies,
building blocks and architectures for advanced X-ray pixel cameras
at the next generation FELs”, IEEE Nuclear Science Symposium and
Medical Imaging Conference (NSS - MIC’14), Conference Record,
Seattle (USA) 9 -15 Nov. 2014, paper N31-03.

[11] D. Comotti, L. Fabris, M. Grassi, L. Lodola, P. Malcovati, M.
Manghisoni, L. Ratti, V. Re, G. Traversi, C. Vacchi, G. Batignani, S.
Bettarini, G. Casarosa, F. Forti, F. Morsani, A. Paladino, E. Paoloni,
G. Rizzo, M.A. Benckechkache, G. F. Dalla Betta, R. Mendicino, L.
Pancheri, G. Verzellesi, H. Xu, “Low-Noise Readout Channel with a
Novel Dynamic Signal Compression for Future X-FEL Applications”,
IEEE Nuclear Science Symposium and Medical Imaging Conference
(NSS - MIC’14), Conference Record, Seattle (USA) 9 -15 Nov. 2014,
paper N18-2.

[12] G. Rizzo, D. Comotti, L. Fabris, M. Grassi, L. Lodola, P. Malcovati, M.

11



Manghisoni, L. Ratti, V. Re, G. Traversi, C. Vacchi, G. Batignani, S.
Bettarini, G. Casarosa, F. Forti, F. Morsani, A. Paladino, E. Paoloni,
G-F Dalla Betta, L. Pancheri, G. Verzellesi, H. Xu, R. Mendicino,
MA. Benkechkache, ”The PixFEL project: development of advanced
X-ray pixel detectors for application at future FEL facilities”, Journal
of Instrumentation, JINST 10, C02024, 2015.

[13] A. Bagolini, M. Boscardin, P. Conci, M. Crivellari, G. Giacomini, F.
Mattedi, C. Piemonte, S. Ronchin, N. Zorzi, MA. Benkechkache, GF
Dalla Betta, R. Mendicino, L. Pancheri, M. Povoli, DMS Sultan,
”Micromachined Silicon Radiation Sensors–Part 1: Design And Exper-
imental Characterization”, Proceedings of the 2015 XXVIII AISEM
Annual Conference, Trento (Italy), 3-5 February 2015.

[14] A. Bagolini, M. Boscardin, P. Conci, M. Crivellari, G. Giacomini, F.
Mattedi, C. Piemonte, S. Ronchin, N. Zorzi, MA. Benkechkache, GF
Dalla Betta, R. Mendicino, L. Pancheri, M. Povoli, DMS Sultan,
”Micromachined Silicon Radiation Sensors–Part 2: Fabrication tech-
nologies”, Proceedings of the 2015 XXVIII AISEM Annual Conference,
Trento (Italy), 3-5 February 2015.

[15] L. Ratti, D. Comotti, L. Fabris, M. Grassi, L. Lodola, P. Malco-
vati, M. Manghisoni, V. Re, G Traversi, C. Vacchi, S. Bettarini, G.
Casarosa, F. Forti, F. Morsani, A. Paladino, E. Paoloni, G. Rizzo,
MA. Benkechkache, G-F Dalla Betta, R. Mendicino, L. Pancheri,
G. Verzellesi, H. Xu, ”PixFEL: developing a fine pitch, fast 2D X-ray
imager for the next generation X-FELs”, Nucl. Instr. and Meth. A,
vol. 796, pp. 2-7, 2015.

[16] R. Mendicino, M. Boscardin, S. Carturan, G.-F. Dalla Betta, M.
Dalla Palma, G. Maggioni, A. Quaranta, S. Ronchin, ”Characteri-

12



zation of 3D and planar Si diodes with different neutron converter
materials” Nucl. Instr. and Meth. A , Volume 796, Pages 23–28, 2015.

[17] C. Da Vià, M. Borri, G. Dalla Betta, I. Haughton, J. Hasi, C. Kenney,
M. Povoli, R. Mendicino, ”3D silicon sensors with variable electrode
depth for radiation hard high resolution particle tracking”, Journal of
Instrumentation, JINST 10, C04020, 2015.

[18] G. Giacomini, L. Bosisio, G-F Dalla Betta, R. Mendicino, L. Ratti,
”Integrated Source Follower for the Read-Out of Silicon Sensor Arrays”,
IEEE Transactions on Nuclear Science, Vol. 62(5), pp. 2187-2193,
2015.

[19] L. Pancheri, D. Comotti, L. Fabris, M. Grassi, L. Lodola, P. Malcovati,
M. Manghisoni, L. Ratti, V. Re, G. Traversi, C. Vacchi, S. Bettarini,
G. Casarosa, F. Forti, F. Morsani, A. Paladino, E. Paoloni, G. Rizzo,
M.A. Benkechkache, G. F. Dalla Betta, R. Mendicino, L. Pancheri,
G. Verzellesi, H. Xu, “PixFEL project: hybrid High Dynamic Range X-
ray image sensor for application at future FEL facilities”, Proceedings
of 2015 International Image Sensor Workshop (IISW 2015), Vaals
(Holland), 14-18 June 2015, pp. 276-279

[20] R. Mendicino , A. Bagolini, M. Boscardin, G.-F. Dalla Betta, M.
Dalla Palma, A. Quaranta, ”Semiconductor neutron detectors” (In-
vited paper), Proceedings of Science - 24th Workshop on Vertex
Detectors (Vertex 2015), Paper 027, 2015.

[21] D.M.S. Sultan, R. Mendicino, M. Boscardin, S. Ronchin, N. Zorzi,
G.-F. Dalla Betta, ”Characterization of the first double-sided 3D
radiation sensors fabricated at FBK on 6-inch silicon wafers” Journal
of Instrumentation, JINST 10, C12029, 2015

13



[22] G. F. Dalla Betta, G. Batignani, M.A. Benkechkache, S. Bettarini,
G. Casarosa, D. Comotti, L. Fabris, F. Forti, M. Grassi, S. La-
treche, L. Lodola, P. Malcovati, M. Manghisoni, R. Mendicino, F.
Morsani, A. Paladino, L. Pancheri, E. Paoloni, L. Ratti, V. Re, G.
Rizzo, G. Traversi, C. Vacchi, G. Verzellesi, H. Xu, “Design and
TCAD simulation of planar p-on-n active-edge pixel sensors for the
next generation of FELs”, in press on Nucl. Instr. and Meth. A,
doi:10.1016/j.nima.2015.08.027

[23] G-F Dalla Betta, M. Boscardin, G. Darbo, R. Mendicino, M. Mes-
chini, A. Messineo, S. Ronchin, DMS Sultan, N. Zorzi,”Development
of a new generation of 3D pixel sensors for HL-LHC”, in press on
Nucl. Instr. and Meth. A, doi:10.1016/j.nima.2015.08.032

[24] G-F Dalla Betta, M. Boscardin, M. Bomben, M. Brianzi, G. Calderini,
G. Darbo, R. Dell’Orso, A. Gaudiello, G. Giacomini, R. Mendicino,
M. Meschini, A. Messineo, S. Ronchin, DMS Sultan, N. Zorzi, ”The
INFN–FBK ”Phase-2” R&D program”, in presso on Nucl. Instr. and
Meth. A, doi:10.1016/j.nima.2015.08.74

[25] L. Lodola, G. Batignani, MA Benkechkache, S. Bettarini, G. Casarosa,
D. Comotti, GF Dalla Betta, L. Fabris, F. Forti, M. Grassi, S. La-
treche, P. Malcovati, M. Manghisoni, R. Mendicino, F. Morsani,
A. Paladino, L. Pancheri, E. Paoloni, L. Ratti, V. Re, G. Rizzo, G.
Traversi, C. Vacchi, G. Verzellesi, H. Xu, ”In-pixel conversion with a
10bit SAR ADC for next generation X-ray FELs”, in press on Nucl.
Instr. and Meth. A, doi:10.1016/j.nima.2015.10.042

[26] G.-F. Dalla Betta, M. Boscardin, M. Bomben, M. Brianzi, G. Calderini,
G. Darbo, R. Dell’Orso, A. Gaudiello, G. Giacomini, R. Mendicino,
M. Meschini, A. Messineo, S. Ronchin, D.M.S. Sultan, N. Zorzi, ”The

14



INFN–FBK “Phase-2” R& D program” Nuclear Instruments and
Methods in Physics Research A 824 (2016) 388–391,

[27] G.-F. Dalla Betta, M. Boscardin, G. Darbo,R. Mendicino,M. Mes-
chini ,A. Messineo ,S. Ronchin ,D.M.S. Sultan ,N. Zorzi, ”Develop-
ment of a new generation of 3D pixel sensors for HL-LHC” Nuclear
Instruments and Methods in Physics Research A 824 (2016) 386-387,
http://dx.doi.org/10.1016/j.nima.2015.08.032

[28] G.-F.DallaBetta, G.Batignani, M.A.Benkechkache, S.Bettarini,
G.Casarosa, D. Comotti, L.Fabris, F.Forti, M.Grassi, S.Latreche,
L.Lodola, P.Malcovati, M. Manghisoni, R. Mendicino, F.Morsani,
A.Paladino, L.Pancheri, E.Paoloni, L. Ratti, V.Reg, G.Rizzo,
G.Traversi, C.Vacchi, G.Verzellesi, H.Xua, ”Design and TCAD simula-
tion of planar p-on-n active-edge pixel sensors for the next generation
of FELs” Nuclear Instruments and Methods in Physics Research A
824(2016) 384–385, http://dx.doi.org/10.1016/j.nima.2015.08.027

[29] L. Lodola, G. Batignani, M.A. Benkechkache, S. Bettarini, G.
Casarosa, D. Comotti, G.F. Dalla Betta, L. Fabris, F. Forti, M.
Grassi, S. Latreche, P. Malcovati, M. Manghisoni, R. Mendicino,
F. Morsani, A. Paladino, L. Pancheri, E. Paoloni, L. Ratti, V.
Re, G. Rizzo, G. Traversi, C. Vacchi, G. Verzellesi, H. Xu, ”In-
pixel conversion with a 10 bit SAR ADC for next generation X-
ray FELs”,Nuclear Instruments and Methods in Physics Research A
824(2016) 313–315,doi:10.1016/j.nima.2015.10.042

[30] G. Rizzo, G. Batignani, M.A. Benkechkache, S. Bettarini, G. Casarosa,
D. Comotti, G.-F. Dalla Betta, L. Fabris, F. Forti, M. Grassi, L.
Lodola, P. Malcovati, M. Manghisoni, R. Mendicino, F. Morsani,
A. Paladino, L. Pancheri, E. Paoloni, L. Ratti, V. Re, G. Traversi, C.

15



Vacchi, G. Verzellesi, H. Xu, ”The PixFEL project: Progress towards
a fine pitch X-ray imaging camera for next generation FEL facilities”
Nuclear Instruments and Methods in Physics Research A 824(2016)
131-134, doi:10.1016/j.nima.2016.01.027

[31] G. F. Dalla Betta,N. Ayllon, M. Boscardin, M.Hoeferkamp, S. Matti-
azzo, H. McDuff,R. Mendicino, M. Povoli, S.Seidel, D.M.S. Sultan
”Investigation of leakage current and breakdown voltage in irradiated
double-sided 3D silicon sensors” Journal of Instrumentation, 11(09),
P09006.

[32] D.M.S. Sultana, G.-F. Dalla Betta, R. Mendicino, M. Boscardin,
S. Ronchin,N. Zorzi ” First production of new thin 3D sensors for
HL-LHC at FBK” Journal of Instrumentation, 12(01), C01022.

[33] R. Mendicino, A. Bagolini, M. Boscardin, G.-F. Dalla Betta,N.
Laidani ”Initial results from new 3D neutron detectors” Journal of
Instrumentation, 11(11), C11002.

[34] G. -F. Dalla Betta, M. Boscardin, M. Bomben, M. Brianzi, G.
Calderini, G. Darbo, R. Dell’Orso, A. Gaudiello, G. Giacomini, R.
Mendicino, M.Meschini, A. Messineo, S.Ronchin, D.M.S. Sultan,
N. Zorzi ”The INFN–FBK ”Phase-2” R&D program”. Nuclear In-
struments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 824, 388-391.

[35] G. -F. Dalla Betta, M. Boscardin, G. Darbo,R. Mendicino, M. Mes-
chini, M.Messineo, S. Ronchin, D.M.S Sultan, Zorzi, N. ”Development
of a new generation of 3D pixel sensors for HL-LHC” Nuclear In-
struments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 824, 386-387.

16



[36] F. Moscatelli, D. Passeri, A. Morozzi, R. Mendicino, G. -F. Dalla
Betta, G.M. Bilei ”Combined Bulk and Surface Radiation Damage
Effects at Very High Fluences in Silicon Detectors: Measurements and
TCAD Simulations” IEEE Transactions on Nuclear Science, 63(5),
2716-2723.

17





IIn
d

e
x

Contents

1 Solid state radiation detector 1
1.1 Interaction of Radiation with Matter . . . . . . . . . . . . . 1

1.1.1 Heavy Charged Particles . . . . . . . . . . . . . . . . 2
1.1.2 Fast Electrons . . . . . . . . . . . . . . . . . . . . . . 4
1.1.3 Electromagnetic Radiation . . . . . . . . . . . . . . . 4
1.1.4 Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2 Interaction of Radiation with Silicon . . . . . . . . . . . . . 7
1.2.1 Nuclear particles . . . . . . . . . . . . . . . . . . . . 7
1.2.2 Photons . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Elements of semiconductor detectors . . . . . . . . . . . . . 10
1.3.1 Charge motion and signal formation . . . . . . . . . 12
1.3.2 Energy resolution . . . . . . . . . . . . . . . . . . . . 14

1.4 Front-end electronics for radiation detectors . . . . . . . . . 15
1.4.1 Noise in readout electronics . . . . . . . . . . . . . . 18

1.5 Radiation damage in silicon . . . . . . . . . . . . . . . . . . 19
1.5.1 Bulk damage . . . . . . . . . . . . . . . . . . . . . . 20
1.5.2 Surface damage . . . . . . . . . . . . . . . . . . . . . 21

i



2 State of the art of silicon neutron detectors 23
2.1 Gaseous detector . . . . . . . . . . . . . . . . . . . . . . . . 25
2.2 Thin-film coated neutron detectors . . . . . . . . . . . . . . 26

2.2.1 Developments based on Boron and Lithium . . . . . 28
2.2.2 3D development at Kansas State University . . . . . 31
2.2.3 Lawrence Livermore National Laboratory . . . . . . . 36
2.2.4 Rensselaer Polytechnic Institute . . . . . . . . . . . . 39
2.2.5 Other groups . . . . . . . . . . . . . . . . . . . . . . 41

2.3 Neutron detector applications . . . . . . . . . . . . . . . . . 43

3 Neutron detector: design, fabrication and simulation 47
3.1 Hyde 1 device description . . . . . . . . . . . . . . . . . . . 48

3.1.1 Test structures . . . . . . . . . . . . . . . . . . . . . 48
3.1.2 Hyde 1 neutron detectors . . . . . . . . . . . . . . . . 49
3.1.3 Hyde 1 fabrication process . . . . . . . . . . . . . . . 51
3.1.4 Converter materials used with Hyde 1 sensors . . . . 53

3.2 Planar sensor description . . . . . . . . . . . . . . . . . . . . 56
3.3 Hyde 2 device description . . . . . . . . . . . . . . . . . . . 58

3.3.1 Test structures . . . . . . . . . . . . . . . . . . . . . 59
3.3.2 Hyde 2 neutron detectors . . . . . . . . . . . . . . . . 60
3.3.3 Hyde 2 fabrication process . . . . . . . . . . . . . . . 63
3.3.4 Converter materials used with Hyde 2 sensors . . . . 65

3.4 Sensor assembly . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.5 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.5.1 Geant4 simulation of Hyde 1 devices . . . . . . . . . 71
3.5.2 Geant 4 simulation of Planar detectors . . . . . . . . 71
3.5.3 Geant4 simulation of Hyde 2 devices . . . . . . . . . 72

4 Experimental results of Hyde detectors 75
4.1 Electrical characterization . . . . . . . . . . . . . . . . . . . 75

ii



4.1.1 Electrical characterization of Hyde 1 devices . . . . . 76
4.1.2 Electrical characterization for planar sensors . . . . . 79
4.1.3 Electrical characterization for Hyde 2 . . . . . . . . . 79

4.2 Functional characterization . . . . . . . . . . . . . . . . . . . 86
4.2.1 Setup for α/γ source . . . . . . . . . . . . . . . . . . 87
4.2.2 Setup for laser scan . . . . . . . . . . . . . . . . . . . 88
4.2.3 Setup for X-ray scan . . . . . . . . . . . . . . . . . . 89
4.2.4 Laboratory tests on Hyde 1 detectors . . . . . . . . . 89
4.2.5 Laboratory tests on planar detectors . . . . . . . . . 100
4.2.6 Laboratory tests on Hyde 2 detectors . . . . . . . . . 101

5 Neutron results of neutron detectors 113
5.1 Neutron measurements on Hyde 1 devices . . . . . . . . . . 114

5.1.1 Fast neutrons . . . . . . . . . . . . . . . . . . . . . . 114
5.1.2 Thermal neutrons . . . . . . . . . . . . . . . . . . . . 116

5.2 Neutron measurements on planar detectors . . . . . . . . . . 119
5.3 Neutron measurements on Hyde 2 devices . . . . . . . . . . 121

6 3D detector for HL-LHC phase II upgrade 125
6.1 State of the art of 3D detectors . . . . . . . . . . . . . . . . 126
6.2 Latest 3D developments . . . . . . . . . . . . . . . . . . . . 130

6.2.1 Electrical measurements and TCAD simulations . . . 131
6.2.2 Functional Measurements . . . . . . . . . . . . . . . 133
6.2.3 Functional TCAD simulations . . . . . . . . . . . . . 135

7 Conclusions and Future Perspectives 145

Bibliography 149

iii





List of Tables

1.1 Neutron characteristics at various energies [1] . . . . . . . . 6

3.1 Geometrical details of Hyde 1 detectors . . . . . . . . . . . . 54
3.2 Different depositions on Hyde 1 samples . . . . . . . . . . . 56
3.3 Planar diode deposition parameters . . . . . . . . . . . . . . 57
3.4 Geometrical details of Hyde 2 detectors . . . . . . . . . . . . 65

4.1 Summary of Al2O3 charge density values for different depo-
sition and annealing recipes . . . . . . . . . . . . . . . . . . 86

4.2 Residual energy for an alpha particle traveling through dif-
ferent layers of air/Mylar . . . . . . . . . . . . . . . . . . . 111

5.1 Measured and simulated neutron detectiorn efficiency for
different sensor geometries . . . . . . . . . . . . . . . . . . . 122

6.1 P-type radiation model up to 7× 1015 neq/cm
−2 [2] . . . . . 136

6.2 P-type radiation model from 7× 1015 neq/cm
−2 to 1.5× 1016

neq/cm
−2 [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.3 Trapping time damage constants for silicon detectors irradi-
ated with neutrons and fast charged hadrons [3] . . . . . . . 143

v





List of Figures

1.1 Bragg peak for a 5 MeV alpha particle in silicon [4] . . . . . 3
1.2 MPV scaled to the mean loss at minimum ionization (388

ev/µm) for several silicon thicknesses [5] . . . . . . . . . . . 8
1.3 Range energy calculated for different radiation particles in

silicon[6] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Photon absorption coefficient vs. energy in silicon [7] . . . . 10
1.5 Semplified schematic of an CSA architecture [8] . . . . . . . 16
1.6 Schematic model of all noise sources in a CSA-shaper circuit 18
1.7 Different contributions to the ENC: parallel, series and 1/f

noise versus shaping time [7] . . . . . . . . . . . . . . . . . 20

2.1 A sketch of a proportional counter filled with 3He [9] . . . . 26
2.2 Kinetc energy of electron in 250 µm thick natural Gd con-

verter [10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3 γ spectra of 113Cd caputure reaction [11] . . . . . . . . . . . 28
2.4 Range of reaction products for 10B and 6LiF . . . . . . . . . 29
2.5 Calculated thermal neutron detection efficiency for different

converter materials.[12] . . . . . . . . . . . . . . . . . . . . 30
2.6 Cross-section for the different trench surface treatments [13]. 33
2.7 Different perforated micro-structure detector designs [14] . . 33
2.8 Different double-sided detectors: complementary opposing

trenches and interdigitated-trenches [15] . . . . . . . . . . . 35

vii



2.9 Neutron detection efficiency versus cell dimension for pillar
covered with 10B [16] . . . . . . . . . . . . . . . . . . . . . . 36

2.10 Cross sections of different geometries with different aspect
ratio on dependence of deposition temperature [17] . . . . . 38

2.11 Honeycomb structure sketch [18] . . . . . . . . . . . . . . . . 40
2.12 Simulated efficiency for parametrized honeycomb geometry

[19] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.13 Sketch of a 3D ultra-thin detector of neutrons with reduced

gamma sensitivity [20] . . . . . . . . . . . . . . . . . . . . . 42
2.14 Relative cross-sections of various elements for neutrons and

X-rays [21] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.15 Photograph and neutron radiograph of an bronze dog stat-

uette (7.5 cm x 3.5 cm) [22] . . . . . . . . . . . . . . . . . . 44
2.16 Layout of a neutron imaging beamline [23] . . . . . . . . . . 45

3.1 Wafer layout of batch Hyde 1 . . . . . . . . . . . . . . . . . 48
3.2 A) Test structures cell, and B ) a detail of the 3D basic

structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.3 A) Schematic cross-section (not to scale), and B) layout of

3D sensor of batch Hyde 1[24] . . . . . . . . . . . . . . . . . 51
3.4 Main steps of the Hyde 1 fabrication process . . . . . . . . . 53
3.5 Microscopic details of Hyde 1 production . . . . . . . . . . . 55
3.6 A) SEM image of the cross-section of a 3D diode filled with

6LiF , B) SEM image of the cross-section of a 3D sensor filled
with PDMS [25] . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.7 Sketch of the planar sensor with sputtered converter on the
top (not to scale) [26] . . . . . . . . . . . . . . . . . . . . . 56

3.8 A SEM micrograph of a planar sensor with ' 500 nm of 10B

sputtered on the surface. . . . . . . . . . . . . . . . . . . . . 57

viii



3.9 A) Optical micrograph of ' 500 nm of 10B sputtered on a
planar sensor, and B) optical micrograph of ' 500 nm of
10B4C sputtered on a planar sensor. . . . . . . . . . . . . . . 58

3.10 Hyde 2 Layout . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.11 Test structures of Hyde 2 . . . . . . . . . . . . . . . . . . . . 60
3.12 Cross-section of the Hyde 2 detector (not to scale) [27] . . . 61
3.13 A) Optical micrograph of a detail on the perforated side, and

B) mask layout of single pixel. . . . . . . . . . . . . . . . . . 62
3.14 Layout of a ”diode-like” detector . . . . . . . . . . . . . . . 63
3.15 SEM micrograph of test cavities etched by DRIE [28] . . . . 63
3.16 Main steps of the Hyde 2 fabrication process . . . . . . . . . 64
3.17 10BC deposition tests on Hyde 2 structures with different

techniques: A) DCMS, and B) HiPIMS. . . . . . . . . . . . 66
3.18 Deposition using LPCVD at LLNL: A) SEM image of the

trenches, and B) front view of the sample after ERC etching 67
3.19 Surface damage after accidental boron deposition on the back

side . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.20 PCBs used for Hyde detector testing . . . . . . . . . . . . . 69
3.21 Geant4 simulation of Hyde 1 devices . . . . . . . . . . . . . 71
3.22 Comparison of simulated efficiencies for different planar de-

tectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.23 Geant4 simulation of Hyde 2 devices: front side illumination,

and B) back side illumination. . . . . . . . . . . . . . . . . . 73
3.24 Comparison of simulated efficiency for the proposed Hyde 2

devices of different geometries . . . . . . . . . . . . . . . . . 73

4.1 I-V characteristics of selected devices of different geometries
from Hyde 1 batch . . . . . . . . . . . . . . . . . . . . . . . 76

ix



4.2 C-V characteristics of selected devices of different geometries
from Hyde 1 batch . . . . . . . . . . . . . . . . . . . . . . . 77

4.3 Hyde 1: simulation domain for static simulations . . . . . . 78
4.4 Simulated I-V and C-V curves for Hyde 1 device of (400-100-

8) geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.5 The dynamics of depletion volume in Hyde 1 devices. . . . . 80
4.6 Measured I-V and C-V curves for planar sensors . . . . . . . 80
4.7 I-V characteristics of selected devices of different geometries

from Hyde 2 batch . . . . . . . . . . . . . . . . . . . . . . . 81
4.8 I-V characteristics of the same devices as in Fig. 4.7 remea-

sured after the Al2O3 deposition . . . . . . . . . . . . . . . . 82
4.9 Electrical simulation domain for Hyde 2 devices . . . . . . . 83
4.10 A)Simulated I-V curves at different s0 without fixed charge in

Al2O3 (not passivated) B)Simulated I-V curves at different
s0 with a fixed charge density in Al2O3 of -1×1012 cm−2

(passivated). . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.11 Simulated distribution of the electric field along a vertical

cross-section of the pixel for two different Al2O3 fixed charge
densities, i.e., 0 (top slices) and -1×1012 cm−2 (bottom slices),
and two different bias voltages, i.e., 80 V (left slices) and 110
V (right slices). . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.12 1/C2-voltage characteristics of 3D and planar big diode and
a diode-like sensors from Hyde 2 batch . . . . . . . . . . . . 87

4.13 Block diagram of the read-out electronics used for α/ and γ
tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.14 Block diagram of the read-out electronics used for laser scan
setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.15 X-ray scan setup at B16 beam line at Diamond Light Source. 91

x



4.16 Noise as a function of shaping time of the digital shaper at
different bias voltages . . . . . . . . . . . . . . . . . . . . . . 92

4.17 Alpha spectra for Hyde 1 detectors measured at different
bias voltages with a shaping time of 4µs . . . . . . . . . . . 94

4.18 Alpha spectra for Hyde 1 detectors measured at different
bias voltages with a shaping time of 102µs . . . . . . . . . . 95

4.19 Collected charge as a function of bias voltage measured on
Hyde 1 detectors with α particles at two different shaping
times: A) two peaks trend at τ = 4 µs, and B) single peak
trend at τ = 102 µs . . . . . . . . . . . . . . . . . . . . . . . 96

4.20 Laser scan (wavelength 850 nm) from the sensor trench side
performed at 4 µs shaping time and at two different voltages:
A) 20 V , and B) 45 V. . . . . . . . . . . . . . . . . . . . . . 96

4.21 Laser scan (wavelength 900 nm) from the sensor trench
side performed at 102 µs shaping time and at two different
voltages: A) 20 V , and B) 45 V. . . . . . . . . . . . . . . . 97

4.22 X-ray scan from the sensor trench side with current-mode
read-out and at two different voltages: A) 10 V , and B) 40
V.[29] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.23 A) Simulation domain for α particle simulations; B) Simu-
lated hit positions of α particles from the trench side of the
detector.[27] . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.24 Simulated currents from two individual electrodes and their
sum for α particle hit position 2 at A) 5 V, and B) 40 V. C)
Sum of simulated currents for α particle hit position 4 at 5
V and 40 V.[27] . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.25 Energy spectra for a planar sensor exposed to 241Am source
at 20 V and 175 V bias [26] . . . . . . . . . . . . . . . . . . 100

xi



4.26 Noise as a function of shaping time of the digital shaper at
different bias voltages . . . . . . . . . . . . . . . . . . . . . . 102

4.27 A) α spectra for different shaping times at relatively low
voltages (60V) B) Collected charge as a function of bias
voltage for different shaping times[27] . . . . . . . . . . . . . 102

4.28 A) Output signals for particles hitting in position I (located
at the bottom of the cavities), and B) in position II (at the
the top of regions in between the cavities). . . . . . . . . . . 103

4.29 Block-diagram of the α/γ discrimination setup.[27] . . . . . 106

4.30 The Off line discrimination algorithm [27] . . . . . . . . . . 107

4.31 A) Discrimination rate for events from different sources. B)
Example of spectra acquired at 70 V bias composed of α
particle and γ-rays with and without discrimination.[27] . . 108

4.32 α-spectra measured on devices with poor passivation at dif-
ferent voltages and at two different shaping times: A) τ=4µs,
and B) τ=250ns . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.33 Simulation domain with impact points of the α particles. . . 110

4.34 A) Charge collection efficiency as a function of the surface
recombination velocity for different particle hit positions; B)
Current signals at Pos1 for different s0. . . . . . . . . . . . . 110

4.35 A) α particle spectra measured with different layers of air
and Mylar. B) Occurrence rate as a function of the Mylar
thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.1 Energy spectra obtained from the first test with fast neutrons
and the detector calibration with a γ-ray source of 60Co.[25] 115

5.2 Fast neutron spectra obtained with different types of con-
verter material [30] . . . . . . . . . . . . . . . . . . . . . . . 116

xii



5.3 Thermal neutron spectra collected at REZ for different sen-
sor/converter combinations [30] . . . . . . . . . . . . . . . . 117

5.4 Thermal neutron spectra collected at JSI for different sen-
sor/converter combinations [26] . . . . . . . . . . . . . . . . 118

5.5 Thermal neutron energy spectra measured from planar sen-
sors with different converters at 175 V bias voltage [26] . . . 120

5.6 Thermal neutron energy spectra collected with Hyde 2 sen-
sors of different geometries filled with 10B . . . . . . . . . . 121

5.7 Thermal neutron energy spectra collected with Hyde 2 sen-
sors fairly good passivated 10B . . . . . . . . . . . . . . . . . 123

6.1 Sketch of a 3D detector: the electrodes penetrate through
the entire substrate [31] . . . . . . . . . . . . . . . . . . . . 126

6.2 A) Original full 3D architecture, B) 3D-STC proposed by
FBK and VTT, C) 3D-STC proposed by BNL, D) 3D-DDTC
from FBK, 3D-DDTC from CNM, F) 3D-SDTC from BNL
[32] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.3 Sketch of the cross section for a 3D-DDTC with passing
through columns [33] . . . . . . . . . . . . . . . . . . . . . . 129

6.4 Collected charge as a function of bias voltage, measured for
selected non irradiated and irradiated 3D-DDTC+ sensors
exposed to a 90Sr source. Simulated data are also shown. . . 130

6.5 Schematic cross-section of the proposed thin 3D sensors on
SiSi DWB substrate [34] . . . . . . . . . . . . . . . . . . . . 131

6.6 Three-dimensional simulation domain of a 3D pixel cell . . . 132
6.7 Simulated and measured A) C-V curves, and B) I-V curves[35].

All values are normalized to a single column. . . . . . . . . . 133
6.8 1) Layout of the scanned area, 2) Electrical field simulation,

3) Laser scan at 70 V . . . . . . . . . . . . . . . . . . . . . . 134

xiii



6.9 Diode layout and laser scan results at different voltages on a
sample irradiated at 5× 1015 neq/cm

2. . . . . . . . . . . . . 135
6.10 2D simulation domain and m.i.p hit points for the a) 50× 50

and B 50× 50 pixels. The weighting field is shown on the
background. . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.11 Simulated average charge collection efficiency for A) 50× 50
geometry and B) 25× 100 geometry at different fluences. . . 138

6.12 Signal efficiency for different hit points in the geometry 50×50
at a fluence of 2× 10−16 neq/cm

−2 . . . . . . . . . . . . . . . 139
6.13 Charge collection efficiency comparison between TCAD and

Ramo Theory simulation for A)in the pixel middle B) close
the n column. . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.14 Simulated maps of charge collection efficiency for a detector
of geometry 50×50 irradiated at a fluence of 5×1015 neq/cm

−2

and at different voltages. . . . . . . . . . . . . . . . . . . . . 142

xiv



1

C
h

a
p

t
e

r

Solid state radiation detector

1.1 Interaction of Radiation with Matter

A physical quantity can be directly detected only if it strictly interact
with the sensing part of a sensor. This chapter covers the basic principles
underlying the interaction between radiation and matter, in order to better
understand how a radiation detector works.

The interaction of radiation with matter strongly depends on the nature
of the radiation source, that encompasses both charged or uncharged ra-
diation. Heavy charged particles and fast electrons are charged particles,
whereas electromagnetic radiation and neutrons belong to the group of
uncharged radiation. Depending on the radiation type and on the applica-
tions, different detectors in terms of materials, geometries and dimensions
are needed.

1
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1.1.1 Heavy Charged Particles

The interactions of heavy charged particles (such as ions and alpha particles)
with matter are affected by the Coulomb forces between particles and
electrons. The maximum energy transmitted by a particle to a single
electron in an interaction is 1/500 of the its initial energy. The electron
moves to an excitation state if it remains within the higher-lying shell of
the atom, otherwise it moves to an ionization state. Macroscopically, the
Heavy Charged Particles are studied by considering the specific energy loss
rate using the Bethe formula [36].

− dE

dx
= 4πe4z2

m0v NZ

ln2m0v2

I
− ln

1− v2

c2

− v2

c2

 (1.1)

where v and z(in multiples of the electron charge e) are the velocity and
the atomic charge of the primary particle and N and Z are the density
(atoms/cm3) and the atomic number of the media. m0 is the electron rest
mass and e is its charge. I is an experimentally obtained number related the
ionization/excitation potential of the material. The most relevant pieces
of information coming from this formula are the dependence of the energy
loss on the absorption material and the importance of the particle velocity
in the media. The Bethe Bloch formula works well if the ion energy is high
enough and does not allow to carry any free electron with it. At lower
energies the combination of particle-electron reduces the effective charge
reducing, consequently, the energy loss rate. Different corrections to the
formula have been developed to describe this effect. As consequence of
the Bhete corrections the relation between the specific energy loss and the
particle track is described by the Bragg curve. As example, figure 1.1 shows
the SRIM simulation [4] of the energy released by an alpha particle of 5
MeV in a silicon target.

Most of the energy is lost when the particle velocity is reduced to very
low values. The absorption phenomens happen through a statistical or
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Figure 1.1: Bragg peak for a 5 MeV alpha particle in silicon [4]

stochastic process related to the random interaction between heavy ion
particles and electrons. If a mono-energetic beam hits a thin target, the
energy of the particles that pass through it will be in a wide range depending
of the penetration distance. The time necessary to stop the particle, with
range R, mass mA and average velocity 〈v〉 = Kv (where v is evaluated at
the initial energy) can be calculated using the formula 1.2:

T = R

〈v〉 = R

Kc

√√√√mAc2

2E (1.2)

Considering real cases, it is on the order of few ps in solid state matter
and few ns in gasses. An important difference is found for heavy particles
generated as a result of a nuclear fission. In this case, the specific energy
loss decreases when the energy of the particle decrease. This effect does
not affect lighter particles such as protons or alpha particles. Another
important effect to be considered are the so called ”secondary electrons”.
If the ion particle transmits to an electron a sufficiently high energy, the
electron itself will be a charged particle moving in the media. Because the
maximum energy transmitted to an electron is considerably lower than
the energy of the particle, the energy spectrum of these electrons will be
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significantly shifted at lower values compared to the ion energy.

1.1.2 Fast Electrons

The mechanism of interaction between fast electrons and matter bears many
similarities to heavy charged particles, the main difference being the much
smaller mass. In this case the mass of the particle is equal to the mass of the
electrons in the orbitals. As a result, the trajectory of a fast electron may
be suddenly changed and, as result, the trace of particle path will look like a
zigzag. The specific energy loss follows rules described by a modified Bethe
Bloch formulations. In addition, two new effects called bremsstrahlung and
back scattering must be taken in account in the new particle trajectory.
The first one is an abrupt change of direction by the particle that can
be considered as a particle acceleration, making the particle radiate an
electromagnetic wave. The bremsstrahlung effect is negligible for low energy
electrons but it can become predominant for high energy ones. The back
scattering consists in the possibility of a single or multiple interaction able
to change the direction of the particle up to a complete reversal, with the
electron coming out from the impact surface.

1.1.3 Electromagnetic Radiation

Electromagnetic radiations have a different behaviour than charged particles.
During the process of interaction the photons can completely disappear or
scatter. Dependending on the energy, different models should be applied to
describe the dynamics of the interactions, the main effects being:

• Photoelectric absorption

• Compton scattering

• Pair production
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• Coherent scattering

The photoelectric absorption occurs when a photon disappears yielding
completely its energy to an atom. As a consequence, an electron in the
orbital of the atom will gain energy and, if the energy is big enough, it will
be ionized. The atoms will lose an electron that should be quickly replaced.
The excited electron energy is described by the equation 1.3:

Ee− = hv− Eb (1.3)

where Eb is the original energy of the electron in its orbital. The probability
that a photoelectric absorption occurs depends on the photon energy and
the atomic number of the target media. The probability can be calculated
by the equation 1.4:

τ ∼= constant× Zn

E3.5
γ

(1.4)

where n is a number between 4 and 5.
The Compton scattering describes the collision phenomena between a

photon and an electron. The photon gives away part of its energy, creating a
scattered electron (called recoil electron) and a new photon of lower energy
(1.5):

hv’ = hv’
1 + hv

m0c2 (1− cosθ)
(1.5)

m0c
2 is the rest-mass energy of the electron (0.511MeV). The angular

distribution is predicted by the Klein-Nishima formulation [36]. The proba-
bility of interaction for Compton scattering is proportional to the number
of electrons in the atoms and consequently to Z. At higher energy (> 1.02
MeV) a new effect becomes possible, called pair-production. The probability
of interaction in this case cannot be expressed by a formula, but it follows
approximately the rule of

√
Z.
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Neutron classification Energy (meV) Velocity (m/s) λ (nm)
Ultra-cold 0.00025 6.9 57

Cold 1 437 0.9
Thermal 25 2187 0.18

Epithermal 1000 13832 0.029
Fast >1000 >13832 <0.029

Table 1.1: Neutron characteristics at various energies [1]

1.1.4 Neutrons

Neutrons, like photons, do not have an electrical charge and consequently
are not affected by the Coulomb law. They interact mainly with nuclei and
for this reason they can penetrate the matter for relatively long distances
(∼ centimeters) before being entirely absorbed or scattered. With a spin of
1/2, neutrons interacts with the magnetic field and, in the matter, with the
magnetic moment of unpaired electrons. Quantum mechanics governs the
interactions between neutrons and nuclei, but a classical unit to describe
the probability of interactions is the cross section σ. Its units is the barn
and it corresponds to 10−24 cm2. The neutron energy is classified as shown
in Table 1.1 [1] depending on its energy, which strongly affects the cross
section.

In slow neutrons the kinetic energy is low and the possibility to interact
by nuclei scattering is very low. In this case there is a high cross section for
absorbing the neutron that induces nuclear reactions. The Q-value of the
reaction can be big enough to generate particles that can be easily detected.
The possible reactions are (n, γ) and can be difficult to be detected because
of the γ-background, and (n, α), (n, p) and (n, fission) that are the most
convenient for detectors. On the contrary, fast neutrons are characterized
by very low cross section for absorption but their particle energy makes
them suitable for scattering. The main differences between scattering and
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absorption is in the outgoing particles energy and angles. For absorption
the angle is random and the energy depends on the Q-value of the reaction.
For scattering, the recoil particles have an energy and an angle described
by the formula 1.6:

ER = 4A
(1 + A)2

(
cos2 θ

)
En (1.6)

where A is the mass of target nucleons, En is the neutron energy and θ is
the recoil nuclei angle that can be calculated from 1.7:

cos θ =
√√√√1− cosΘ

2 (1.7)

where Θ is the scattered neutron angle. For fast neutrons the maximum
energy of the recoil atoms is the maximum energy of the neutron.

1.2 Interaction of Radiation with Silicon

Silicon plays a major role in solid state detectors for the possibility to use
the same fabrication techniques developed in microelectronics. Silicon is a
semiconductor with atomic number Z=14 and a density of 2.329 g/cm3.

1.2.1 Nuclear particles

Charged particles interact with silicon by a mechanism governed by Coulomb
force as described in section 1.1.1. By replacing Z=14 in the Bethe-Block
formula reported in equation 1.1 it is possible calculate the energy loss in
Silicon. Unfortunately not all the terms of the equation are known and the
exact calculation is not possible. When a charged particle interacts with
matter the released energy has statistical fluctuations depending on the
number of collisions and on the scattering events. The resulting spectra of
released energy in material is described by the Landau distribution [37]. For
silicon the most probable value (MPV) of the Landau distribution depends



Solid state radiation detector 8

on the thickness of the detector. Figure 1.2 shows the MPV scaled to the
mean loss at minimum ionization for several silicon thicknesses.

Figure 1.2: MPV scaled to the mean loss at minimum ionization (388 ev/µm) for several
silicon thicknesses [5]

The average ionization energy (Eion) valid for energies much larger than
the band gap (EG) follows the rule Eion

∼= 2.8 · EG + 0.6eV and for Silicon
is Eion = 3.6eV . It is three times larger than the band gap because part of
the energy is involved in lattice thermal vibrations (creation of phonons).
For a m.i.p. (Minimum Ionizing Particle) that traverses a detector with a
thickness of 300µ the MPV of released charge is around 76e−. The total
charge generating from the detector for a m.i.p. is only ∼3.6fC, so the
front-end circuit must be able to process such a small signal.

Due to the density, alpha particles have a short range in silicon of just
a few micrometers. Figure 1.3 shows the range-energy curves calculated
for different charged particles in silicon. An α-particle with an energy of 5
MeV has a range of less than ∼=20µm.

The cross section for thermal neutronx is extremely low (only ∼=2.24
barn). The mean free path before a scattering or capture event is around
∼=8.6 cm.
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Figure 1.3: Range energy calculated for different radiation particles in silicon[6]

1.2.2 Photons

Photons in silicon can release energy only if their energy is larger than the
band gap; the corresponding maximum wavelength λ is ≈1.11µm. This
is related to the band structure described in section 1.3. The Lambert-
Beer’s law is I(x) = I0 exp−α·x where I(x) is the intensity, x is the photon
penetration in the silicon, I0 is the intensity of incoming light and α is the
absorption coefficient. Figure 1.4 shows the photon absorption coefficient
as a function of the photon energy.

In silicon, the photoelectric effect is predominant up to 100keV. Beyond
this energy threshold Compton scattering becomes the most effective; only
at energies higher than 10MeV the absorption coefficient becomes dominated
by pair production.
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Figure 1.4: Photon absorption coefficient vs. energy in silicon [7]

1.3 Elements of semiconductor detectors

Silicon used in the electronics industry and for radiation detectors is com-
posed by mono crystal with a diamond cubic lattice structure. The possible
cutting planes are identified by the Miller indexes. The solution of the
Schrödinger equation using the Bloch theorem provides as solution an en-
ergy band structure with a band gap. It is an indirect semiconductor (the
minimum distance between valence and conduction bands is not in corre-
spondence of the same k) with a band gap of 1.12eV at room temperature.
Obtaining pure silicon is very difficult; for this reason most of the detectors
are doped in order to make a P-N junction. The charge carrier dynamics is
described by the drift-diffusion 1.8 and continuity equations 1.9 :


Jn = qµnn~E + qDnOn

Jp = qµpp ~E − qDpOp

(1.8)


∂n
∂t = Gn − Un + 1

qO · Jn
∂p
∂t = Gp − Up − 1

qO · Jp
(1.9)

where Jn and Jp are the current densities, µn and µp are the mobilities,
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Dn and Dp are the diffusivities for the electrons and holes of densities n and
p, respectively. The terms Gn and Gp are the electron and hole generation
rates and Un and Up are the terms of net recombination. In steady-state
condition the relations Gn = Un and GpUp hold.

PIN diodes

Most silicon radiation detectors are composed of P-N junctions. The basic
theory of P-N junction is described by Shockley, Sah, Noyce and Moll [38]
[39]. A diode is composed by doped silicon crystals in order to have a
change of concentration of acceptor impurities (Na) and donor impurities
(Nd). In steady-state condition, due to diffusion, there is a internal potential
called built-in potential Vbi. This means that at zero Volt bias (Vbias = 0)
there is a depleted region that is then further extended when reverse bias
is applied. In case of abrupt junction, the depletion region width (W ) can
be calculated by the equation 1.10:

W =
√√√√2εs
Q

(
NA +ND

NaND

)
(Vbi + Vbias) (1.10)

The full depletion voltage is then proportional to the square of the silicon
thickness. If the applied voltage is higher than the full depletion voltage,
the device is said to be ”over depleted”. A leakage current is present, mainly
due to thermal generation in the depleted bulk and at the surface. The
bulk thermal generation current per unit of area Jlk can be approximated
with equation 1.11:

Jlk ' −q
ni
τg
W ' −qni

τg

√√√√ 1εs
qND

Vbias (1.11)

where τg is the carrier generation lifetime and ni is the intrinsic carrier
concentration. Equation 1.11 relates the current to the depletion volume
that depends on the applied voltage as described in the equation 1.10. It is
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therefore possible to predict the theoretical current-voltage characteristic:
the current increases proportionally to the square root of the voltage until
full depletion is reached. After that, the current should saturate, unless
significant contributions from surface are present.
ni and τg have a strong dependence with the temperature. Those

dependences can be transferred to the current with the equation 1.12:

Jlk ∝ T 2e−Eg/2kT (1.12)

The described behaviour is valid until the internal electrical field does not
reach the critical value for which breakdown phenomena start to increase
the current value. The three main breakdown phenomena are: thermal
instability, tunnel effect and avalanche that is the predominant one in
radiation detectors. For the avalanche effect the critical electric field value
that engages breakdown is reported in equation 1.13:

Ecrit = 4× 105

1− 1
3log10(NB/1016) (1.13)

Where NB is the ionized background impurity concentration of the lightly
doped side.

The breakdown voltage (Vbd) is quantifiable by the relation 1.14:

Vbd ∼
εs

2qND
E2
crit (1.14)

A reverse biased detector has a capacitance to the backplane that can
be estimated with reference to a parallel plate capacitor having a thickness
equal to the depletion width. At full depletion the capacitance should
saturate at a minimum value dependent on the detector thickness.

1.3.1 Charge motion and signal formation

A radiation that interacts with silicon can generate electron-hole pairs in
the detector. Equation 1.8 of drift-diffusion describes the charge motion.
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Considering the two effects separately, for the diffusion the charge will move
according to the charge concentration gradient and spread out in time with
a Gaussian shape with a variance of 1.15:

σ =
√
Dt (1.15)

where D is the diffusion constant (diffusivity) and t the time. For the
drift effect the charge will move driven by the electric field with a velocity
that can be expressed as 1.16:

~vn,p = µn,p ~E (1.16)

where µn,p are the mobilities of electrons and holes.
The particle detection can start as soon as charges start their motion.

The current induced on the electrodes was formally described by S. Ramo
with the following equation 1.17[40]:

i(t) = −q~v(t) · ~Ew (1.17)

where ~Ew is the so-called weighting field. It is important to remark
the electric field and and weighting field are different. The weighting
field can be obtained by applying unit potential to the electrode under
consideration and zero potential to all the others. The internal electric field
plays, anyhow, a very important role, since the carrier velocity and the
charge path depends on it. Radiation damage in the detector bulk or at
the surface can deteriorate the amount of collected charge. Trapping can
remove part of the generated and moving charge. Depending on the nature
of traps, temperature and electric field the traps can give back the charge
creating a delayed charge collection. Considering Q0 the moving charge, it
will decay with the following law 1.18:

Q(t) = Q0e
− t
τ (1.18)
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where τ is the trapping time. Further information on radiation damage
will be given in 1.5

1.3.2 Energy resolution

An important feature in radiation detectors is the ability to distinguish
the different energies of incoming particles. This capability is required in
spectroscopy where it is necessary to distinguish particles having nearly
the same energy. As already described in section 1.2.1 the average number
of electron-hole pairs Nave generated by X-rays or by short range particles
can be calculated by the equation 1.19:

Nave = E

Eion
(1.19)

However, in case of a monochromatic source, due to the statistic nature
of charge generation process, the corresponding energy spectrum will not
be a single line, but rather a Poisson distribution. The Full Width at Half
Maximum (FWHM) and the standard deviation of the Gaussian are given
by the following equations 1.20:


σ =
√
NaveEion

FWHM = 2.35σ = dE
E Naveσ

(1.20)

Combining the two equations it is possible to obtain 1.21:

dE

E
= 2.35

√√√√Eion

E
(1.21)

Considering the dependence on the radiation energy, the material (and
its band gap) should be accurately chosen for optimizing the energy res-
olution. Nevertheless, measurements show significant differences between
the expected energy resolution and the one obtained in laboratory. In
particular there is a factor of 3-4 between the theoretical resolution and
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the experimental one. This discrepancy is caused by the non-independent
process of generation of electron–hole pairs and phonons. In order to take
in account this effect, the equation should be corrected as follows 1.22 [36]:

dE

E
= 2.35

√√√√F Eion

E
(1.22)

where F is called Fano factor and for silicon is close 0.1 [41]. Of course, be-
sides the intrinsic fluctuation in the generated charge, the energy resolution
is influenced by the noise in the read-out electronics.

1.4 Front-end electronics for radiation detectors

Radiation detector read-out can have many different configurations. The
most relevant ones are the current sensitive amplifier and the charge sensitive
amplifier (CSA). Current sensitive amplifiers are based on transimpedance
amplifiers that convert a current signal to a voltage signal and amplify it.
This kind of configuration is often used in measurements where the signal
shape is important. An example is the Transient Current Technique where
the observation of signal shape allows to estimate the charge dynamics
of the device under test. In case it is not necessary to know the signal
shape but only the collected charge, architectures based on charge sensitive
amplifier are preferred. CSA was ideated by Emilio Gatti [42]: it is basically
an inverting amplifier circuit (see Fig. 1.5) that ideally gives an output
voltage proportional to the charge at its input charge and to the feedback
capacitance.

Considering the reset switch open, the Voltage gain for unit of charge
will be equal to 1.23:

AQ = − Qin

Cf + CD+Ci+Cf
A

→ −Qin

Cf
(1.23)
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Figure 1.5: Semplified schematic of an CSA architecture [8]

The input dynamic capacitance is equal to 1.24:

Ceff = (A+ 1)Cf + Ci (1.24)

The total transfer of charge with sensitivity loss from the detector to
the electronics is possible only if Ceff >> CD. In addition to the CSA,
usually a calibration capacitance is connected. The simple injection circuit
is composed by a capacitance (CT ) connected to the input of CSA. If the
relation CT >> Ceff is satisfied the injected charge will be equal to 1.25:

QT = CT
1 + CT

Ceff+Cd
∆V ≈ CT (1− CT

ceff + Cd
)∆V (1.25)

Many different solutions, depending on the application and rate of
particles, are suitable for the implementation of the reset switch. For low
events rates, the easiest solution is represented by a resistor in parallel
to the feedback capacitance. Summarizing, the CSA output is a voltage
proportional to the injected charge on the input. The number of events that
contribute to build a spectrum is generally very high and a conditioning
of the signal is required. The most common solution is a filter circuit
called ”shaper”, that allows to optimize the Signal to Noise ratio (SNR)
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and reduce the signal to a pre-determined timing. The transfer function of
the best filter can be determined by the reduction of the SNR. Assuming
Q1 · s(t) to be the signal carrying the information about the parameter to
be measured, N(ω) the spectral power density of the noise associated with
Q1 · s(t) and H(jω) the unknown transfer function of the network which
leads to the optimum, the SNR2 will be equal to 1.26:

SNR2 = Q2
1

2π
[∫∞−∞H(jω)S(ω)ejωt) dω]2∫∞
−∞N(ω)|H(jω)|2 dω (1.26)

Starting from this SNR definition of equation, using the Schwartz in-
equality is possible to define the minimum noise as reported in 1.27:

SNR2 ≤ Q2
1

2π
∫ ∞
−∞

|S(ω)|2
N(ω ) dω (1.27)

The transfer function of the filter which makes SNR to reach the limit is
1.28

H(jω) = k′
S∗(ω)
N(ω )e−jωτm (1.28)

where the τm is the value of the signal at the measurement time.
Therefore, the optimum filter (or matched filter) has as delta-response

the mirror image of the signal present at its input.
The matched filter has the following transfer function 1.29

h(t) = −Ke t
τc t (1.29)

where τc is called noise corner time constant and is the reciprocal of the
frequency at which the contributions from series and parallel noise at the
pre-amplifier input become equal. The need of working with finite peaking
time suggests that only a part of the output signal can be used. The SNR
degradation is only 8% if τm = τc.
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1.4.1 Noise in readout electronics

In the hypothesis of time invariant systems, the noise components can be
modelled as white series noise and white parallel noise. Figure 1.6 is a
representation of the read-out circuit with the addition of noise components.
In particular series noise is symbolized by a voltage source with an amplitude
AW and parallel noise with current source of amplitude BW .

Figure 1.6: Schematic model of all noise sources in a CSA-shaper circuit

After several mathematical passages, the output mean square noise
voltage can be expressed as in equation 1.30 where the input signal is a
Dirac impulse of area Q.

v2
u,N = AW

C2
T

C2
f

1
2π

∫ ∞
0
|H(jω)|2 dω + Af

C2
T

C2
f

∫ ∞
0

|H(jω)|2
ω

dω+

BW
1
C2
f

1
2π

∫ ∞
0

|H(jω)|2
ω2 dω (1.30)

where Af represents the 1/f noise and CT = CD +Ci +Cf . The shaping
factors are defined as in equations 1.31 and their values are tabulated in
literature for different types of filters:
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

A1 = TP
1

2π
∫∞
0 |H(jω)|2 dω

A2 = ∫∞
0
|H(jω)|2

ω d

A3 = 1
TP

1
2π
∫∞
0
|H(jω)|2

ω2 dω

(1.31)

The square of the equivalent noise charge is expressed as (1.32)

ENC2 = AWC
2
T

A1

TP
+ AfC

2
TA2 +BWA3TP (1.32)

By analysing the individual terms in the equation it is possible to note:

• AW depends on the current in the input transistor. The shaping time
should be as long as possible if the total capacitance is high.

• BW depends on the gate current of the input transistor, the detector
current and the thermal noise of the feedback resistance and of the
bias resistance. The shaping time should be the shortest possible if
the currents are high.

• Af depend of the input device and is independent of the shaping time

Figure 1.7 summarizes the trend of the ENC for the different noise
contribution.

1.5 Radiation damage in silicon

The performance of radiation detectors degrade because of the highly
radioactive environment in which they operate. Long term interactions
between particles and matter can change the detector behaviour from the
electrical and functional points of view. It is possible to distinguish two
main effects of damage: bulk damage and surface damage.
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Figure 1.7: Different contributions to the ENC: parallel, series and 1/f noise versus shaping
time [7]

1.5.1 Bulk damage

Particles travelling through the detector bulk can displace silicon atoms
from their lattice positions creating defects. The resulting damage causes in-
terstitial and vacancies and is called Primary Knock-on Atom or Frenkel[43].
The threshold energy to activate this mechanism is Ed ∼ 25eV for silicon. If
the particle energy is much higher than Ed, the atom of recoil can generate
clusters of damage. The damage is different for different types of radiation.
Particles like neutrons that do not have a Coulomb barrier opposing the
impact with nuclei are more effective. The common method to indicate
and compare the irradiation damage is to refer to the equivalent damage of
a mono energetic flux of neutron with an energy of 1MeV. The three main
macroscopic effects are: an increase of the leakage current, a change in the
effective bulk concentration and charge trapping. The leakage current is re-
lated to the new levels in the forbidden band gap that increase significantly
the generation-recombination mechanisms. The increase of current follows
the relation 1.33 [44]:
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∆I = αΦeqV (1.33)

where α is a constant of damage, Φeq is the fluence expressed in 1 MeV
neutron equivalent and V is the volume of the depleted sensor.

The effective bulk doping concentration is changed according to the
capture of dopant atoms in complex defects that change the doping property.
In many cases (in particular for N-type doping) an inversion of effective
doping can happen at high fluences.

The radiation induced increase in the density of energy levels in the
forbidden band gap can capture free charge (and consequently signal)
reducing the charge collection efficiency [45]. The capture probability per
unit time is 1.34:

1
τn,h

=
∑
t
Nt(1− P e,h

t )σe,ht ve,hth (1.34)

where Nt is the defect concentration, P e,h
t is the occupation probability

for electrons and holes, σe,ht is the trap cross section and ve,hth is the thermal
velocity.

The term 1
τn,h

depends linearly with the fluence [8].

1.5.2 Surface damage

Radiation damage also affects the oxide (or any other insulator) material
and the interface, giving rise to:

• Interface trapped charge: defects at the interface create traps (levels on
the forbidden bandgap) with a charge dynamically dependent on the
electric field. Their main effect on the device properties is a possible
increase of the surface recombination and, therefore, of the surface
current.
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• Oxide charge: the charge trapped within the oxide bulk can, in absolute
terms, increase (e.g., in Silicon oxide) or decrease (e.g., in Aluminium
oxide), thus changing the electrical properties of the insulator and its
ability to passivate the surface [46].

The change of charge in the insulator can, through the MOS effect,
affect the electrical behaviour of the sensors (e.g., the isolation between
neighboring regions, the interstrip capacitance and the breakdown
voltage).
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State of the art of silicon neutron detectors

The helium isotope 3He started to be marketed for research applications
in the early 80s and it was massively used for slow neutron detection.
High efficiency of neutron conversion and low gamma sensitivity made
3He a ”gold standard” for neutron detection [47]. The common Helium is
composed by a major part of 4He isotope and only few parts per million
of 3He [48]. Most of the production is obtained by the radioctive decay of
tritium. It plays an important role in the enhancement of nuclear weapons
power. The 3He was obtained as by product from the maintenance of purity
of tritium. The end of Cold War partially stopped the nuclear weapons race
and consequently the production of 3He decreased, so that the demand
exceeds to the supply [49]. The lack of this gas generated a big increase of
its price and other detection solutions had to be considered.

The main types of slow neutrons detectors can be obtained from gas,
solid state detectors or using scintillator materials. The technology is
chosen considering the spatial accuracy and the requirements of active
area in the application. For large areas, the main thecnologies are boron-

23
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lined proportional detectors, boron trifluoride (BF3) proportional detectors,
and lithium scintillators [50]. The boron-lined proportional detectors are
composed by a tube filled with a mix of gasses with a thin layer of 10B

placed on the internal surface. The efficiency reached is around 10-15
% and, for this reason, in order to be comparable in efficiency to 3He,
these detectors have to be used as arrays [51]. Boron trifluoride (BF3)
proportional detectors share the same thecnology of 3He tubes but replacing
the converter gas. They have an efficiency of 30-50 % compared the 3He.
They are the least expensive of the three alternatives but BF3 is a very
toxic material [52]. The lithium scintillators consist in coating optical fibers
with scintillating materials. A neutron is converted into a charged particle
by the 6Li, the particle is converted to light by the scintillator, and the
light is detected by photodetectors coupled with the optical fiber [53]. Solid
state detectors for neutrons can be suitable for applications that require
small active area and very high spatial resolutions. They can be divided
in two categories, depending on the design approach. The first approach
regards neutron-sensitive materials (e.g., LiInSe2,hBN), where most of the
charge from the particle reaction is available for transduction within the
sensor itself [54][55]. As a result, the efficiency can be very high, but this
approach is very difficult: the main problem is the crystal quality and
the understanding of defects that significantly reduce the signal charge
collection[56] [57]. The second approach uses semiconductor sensors coated
with thin films of neutron converter materials: of course, the mean free
path of the neutron reaction products should be long enough to penetrate
in the semiconductor sensor depleted region, where they induce a ionization
signal.
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2.1 Gaseous detector

Gaseous detectors are devices containing a certain volume of gas mixture
in which, between two biased electrodes, there is a high electric field. The
ionization of the gas in the chamber is a measure of the radiation. By using
gasses reactive to neutrons it is possible detect neutrons. The main three
neutron gaseous detectors are based on 3He and BF3. The operating voltage
is usually very high (hundreds or thousands volts). They are normally used
when covering large areas is important. The dead time (200-400 µs) is the
most limiting factor because it causes low counting rates.

It is possible to distinguish three main types of neutron gaseous detector:
proportional counters filled with 3He gas, proportional counters with BF3

and boron-lined proportional counters.
The proportional counter filled with 3He exploits the absorption of

nuclear reaction of this isotope with neutrons described in the reaction 2.1:

3He+ n7−→3H +1 H +Q (2.1)

where the Q value is 764 keV. The two reaction particles are emitted with
opposite directions. Figure 2.1 shows a schematic example of proportional
counter filled with 3He.

The 3He gas is intrinsically not sensitive to gamma rays. The γ-rays
that interact with the wall of the tube release electrons that traverse the
gas releasing low amount of energy (usually it is a m.i.p). On the contrary,
charged ions released by the reaction product are stopped and the release
of energy is much bigger than a m.i.p.. Using this principle it is possible
to have a high rate of discrimination between neutrons and gamma rays.
Proportional counters with BF3 uses essentially the same technology by
replacing 3He with BF3.

Boron-lined proportional counters share the same working principle but
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Figure 2.1: A sketch of a proportional counter filled with 3He [9]

the reactive material is not the gas but the solid coating of boron compound
deposited inside the tube.

2.2 Thin-film coated neutron detectors

Neutrons do not interact significantly with the semiconductor materials
commonly used in microelectronics as already discussed in Chapter 1. One
possible solution is to use a converter material in order to convert the
incoming neutrons into charged particles or photons that can be detected
by semiconductor devices. A good material converter stands out for its
high cross sections for neutron; moreover, the reaction product must have a
high Q-value of reaction and the particle coming from the nuclear reaction
should be easy to detect. The candidate materials are: Boron-10 (10B),
Lithium-6 (6Li), Gadolinium-157 (157Gd) and Cadmium-113 (113Cd). For
thermal neutrons (25.9eV) the highest cross sections are found in 157Gd

(240000 b) and 113Cd (20000 b); Boron and Lithium have significantly lower
cross sections of 3840 b for 10B and 940b for 6Li [58].

Gadolinium, despite the high cross section, is rarely used for detector
because the nuclear reaction products induced by neutrons are γ-rays in a



27 2.2. Thin-film coated neutron detectors

range of energy up to 9 MeV and electrons in the range 29-250keV, that are
difficult to be detected. Figure 2.2 shows the simulated energy of electrons
from the neutron reaction in 250 µm thick natural Gd converter [10].
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Figure 2.2: Kinetc energy of electron in 250 µm thick natural Gd converter [10]

The reaction for Cadmium is similar to the Gadolinium one with emission
of gamma. The reaction is described by equation 2.2 with gamma emission
reported in Fig. 2.3. Unfortunately, neutron sources have usually a gamma
background that makes very difficult to distinguish the gamma from the
background reaction.

113Cd+ n7−→114Cd+ γ (2.2)

The neutron reactions for 10B and 6Li are reported in the following
equations 2.3 and 2.4. In both cases the reaction products are released in
opposite directions.

10B + n


94%7−→ α(1.47MeV +7 Li(0.84MeV ) + γ(0.48MeV )
6%7−→ α(1.78MeV +7 Li(1.01MeV )

(2.3)

6Li+ n7−→3H(2.72MeV + α(2.05MeV ) (2.4)

It should also be noted that the cross section values are inversely pro-
portional to the neutron energy following the 1/v law.
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Figure 2.3: γ spectra of 113Cd caputure reaction [11]

2.2.1 Developments based on Boron and Lithium

The working principle for the detector is to have a thin film of converter
material touching a detector sensitive to charged particles. Charged particles
interact with the matter by Coulomb scattering as discussed in section 1.1.1
and their detection is very efficient in semiconductors. But the range of the
reaction products is usually small, of the order of few µm, and this creates
two main problems for the measurement: the self absorption of the particle
in the converter layer and the need to minimize the dead layer thickness
between the active area of the detector and the converter layer.

Particles generated from absorption nuclear reaction start to lose energy
immediately after they start moving. Part of the energy is released in
the converter by reducing the charge generated in the active area of the
semiconductor detector. In extreme cases, if the converter thickness is not
optimized or a combination of angle and initial position is not particularly
efficient, the particles can be stopped and the energy is entirely released
in the converter material. These effects are called self-absorption and
can affect dramatically the efficiency of the detector. The other main
problem is related to the the dead layers between the converter layer and
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(a) Ion range in 10B (b) Ion range in 6LiF

Figure 2.4: Range of reaction products for 10B and 6LiF

the semiconductor. In fact a semiconductor requires to have metal contact
on the interfaces, high doping regions or passivation layers that are not
efficient at all for the particle detection.

The possibility of using different converter materials like pure Boron
or Lithium or their compound changed substantially the properties of
the converter material. Neutron-Boron reactions produce two different
possible reactions with different ion energy. Making a SRIM [4] simulation
it is possible to calculate the range of the products of reaction in Boron
and Lithium. Figure 2.4(a) shows the maximum range and the energy
distribution (and related Bragg peak) of the products for both possible
reactions. The maximum range for the products of reaction is respectively
∼ 3.5-4 µm for the alpha particle and ∼ 1.7-2 µm for the lithium ions.
The mass and the energy of Lithium reaction product are very different
compared the Boron ones; their range is reported in figure 2.4(b). In this
case the maximum range for alpha particles is ∼ 6 µm and ∼ 33µm for the
tritium in lithium fluoride compound. Pure lithium could be an option to
be used as converter but it has a corrosive and reactive nature [59], so that
LiF is usually preferred.

In planar sensors, the coating thickness is the key factor for obtaining
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good results. It depends on the maximum range of the reaction products
and can be analytically calculated for orthogonal back and front irradiation.
Further details can be found in [12].

Figure 2.5 shows the calculated front and back thermal neutron detection
efficiency on dependence of the converter thickness. The different range
of reaction products justifies the difference in the optimum thickness of
the converter: if a generated ion does not have the possibility to escape
from the converter, it will not contribute to the neutron detection. In case
of front illumination the 10B converter can reach the maximum efficiency
of 4% with 2.8µm with a fast decrease for greater thickness. In the same
configuration 6LiF can reach 4.4% with a thickness of 12µm with a gradual
decrease for higher converter thicknesses. The different shapes are related
to the big difference of neutron cross sections between the two materials.
In case of back illumination the neutron flux does not suffer attenuation
due to the absorption of the excess converter material which does not take
part in the neutron sensing. This allows to reach a slightly better efficiency
with a desensitization of the neutron converter material thickness.

Figure 2.5: Calculated thermal neutron detection efficiency for different converter
materials.[12]

Starting from late 1960s many groups started research in this field using
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pure Boron or Lithium or their compounds [60][61] [62][63] [64]. In the
past few years several research groups have been very active in this field,
especially in the USA: among them, Kansas State University, Lawrence
Livermore National Laboratory (LNL) , Rensselaer Polytechnic Institute.

In order to make solid state detectors competitive with 3He and possibly
replace it, the planar sensor efficiency and the gamma discrimination should
be improved. To this purpose there are two main solutions, or a combination
of both: stacked detectors or 3D detectors. The total absorption thickness
of thermal neutrons for 10B and 6Li is much higher compared to the best
thickness of the converter and, for this reason, stacked detectors can be an
option. The efficiency does not increase linearly with the number of layers.
Each layer will absorb part of the neutron flux and the successive layer
receives an attenuated neutron flux. The ideal converter thickness is not
constant for each layer and should be carefully calculated, but an adequate
combination of converter layers can give a theoretical efficiency of up to
∼ 50 % [12][65][66]. The main drawbacks of this approach are the very
low gamma discrimination and the difficulty to make pixelated detectors.
In both 10B and 6Li reactions a dependence between the direction of the
reaction product and that of the incoming neutron does not exist. The
combination of this principle and the short range of reaction products in
the converter suggests to go for higher aspect ratio structures between
silicon and converter that can be obtained using 3D technology. The 3D
architecture for neutron detection was first proposed by Muminov and
Tsvang in 1987 [67] and developed at the end of 90’ by Schelten et al. [64]
and Allier [68].

2.2.2 3D development at Kansas State University

Kansas State University has been active in neutron detector research since
the dawn of 3D solid state neutron detectors. In depth studies of planar and
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3D detectors with both 10B and 6Li converter material were developed with
excellent results. At the beginning, 3D detectors were developed for their
particular surface morphology that allows to have better boron adhesion as
compared to planar detectors [69]. Boron coating suffers of delamination
and also in case of thin layers can be an issue during the deposition. The
mechanism used is to deposit boron with a higher stability induced by the
footholds tranches. Cylindrical trenches with 3.5 µm in diameter spaced at
9.5 µm center-to-center and 1.7 µm depth were fabricated on a substrate
of SI GaAs and were tested obtaining an efficiency of 4.3 % with a good
converter uniformity[66].

The shapes, their mutual distance and the depth of trenches were inves-
tigated according to the technological capabilities available at the time the
research was conducted.

Monte Carlo simulations for circular holes and parallel trenches were per-
formed for both converter materials [70]. The simulation results, parametrized
as a function of the cell size and the trench diameter promise high efficiency
with the condition of having very small cells size and large cavity frac-
tions. Particularly interesting is the difference of one order of magnitude of
cell/trenches size between 10B and 6LiF for a similar efficiency[71]. This
difference is due to the range of the reaction products and the bigger trench
sizes are in favour of 6LiF . For similar dimensions, efficiency results are very
similar for parallel trenches with supporting flange between the trenches
for strengthen the mechanical properties. Regular parallel trenches were
used in a ”sandwich” configuration with a significant increase of efficiency
up to 50% for thermal neutron detection.

Neutron Monte Carlo simulations for determining the efficiency are made
considering a flux perpendicular to the surface. In semiconductor perforated
neutron detectors the direction of incoming neutrons strongly affects the
efficiency results [72]. The trench geometry can contribute to have a reduced
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efficiency variation. Sinusoidal trenches give a very low efficiency variation
on dependence of the azimuthal and polar angles for both 10B and 6LiF

converter materials [73].
Perforated detectors with different trench shapes were produced and

tested under a thermal neutron flux [14] [74] [13] [75] [76]. They were
fabricated on float zone silicon wafer with a thickness of 325 µm and etched
using an ICP (Inductively Coupled Plasma)-RIE (Reactive Ion Etching)
process for 100µm or 200µm and the perforation was passivated with native
oxide or doped by diffusion as shown in Fig. 2.6. The neutron converter
material considered was 6LiF . Figure 2.7 shows the different patterns for
the trenches: circular hole, straight trench, and sinusoidal trench.

Figure 2.6: Cross-section for the different trench surface treatments [13].

Figure 2.7: Different perforated micro-structure detector designs [14]
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For incident thermal neutron fluxes the measured efficiency was 9.7%,
12.6% and 16.2% for circular, straight trench and sinusoidal trench devices,
respectively. Strip detectors using perforated 3D detectors are possible and
they were made successfully in arrays of 64 strips with a spatial resolution
of 120µm [77].

Combining the 3D structure and stacked detectors can represent the
state of the art in terms of maximum detection efficiency. The basic idea is
to stack different 3D detectors with a spatial shift following the criterion of
getting the trenches of the first detector coincident with the trench wall
separation of the second detector. If the surface ratio wall/trenches is
around one, neglecting the neutron absorption in silicon, all the incident
neutrons will have the same probability to be absorbed (it will run into the
same converter material). Back-to-back detectors were produced and tested
with two depths of the trenches variants, obtaining a best efficiency of
about 42% [78] [79][80] [81]. As for planar stacked solutions, the drawback
is a higher sensitivity to the gamma background usually present in neutron
source facilities. Anyway, they are very attractive for applications of direct
3H replacement used in arrays and packaged in cylindrical containers similar
to 3H tube [82]. One way to combine some advantages of both solutions
(3D and stacked and their combinations) is represented by double sided
detectors. They consist of detectors processed from both wafer sided in
order to have the stacked efficiency and the gamma sensitivity similar
to a common 3D detector. However, they would be difficult to use in
combination with a pixel front-end for imaging applications. Figure 2.8
shows the two technologies: complementary opposing trenches, that consist
in the fusion of two detectors back-to-back, and interdigitated-trenches
where the separation wall is etched becoming a trench on the other side.
The advantage of the first solution is to have, as for the stacked solution, a
good uniformity of efficiency along the surface, while the second solution
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would lead to a faster charge collection lie in a 3D sensor. The thermal
neutron detection efficiency is comparable toback-to-back stacked detector,
but with an improvement of gamma discrimination due to lower sensitive
material [15].

Figure 2.8: Different double-sided detectors: complementary opposing trenches and
interdigitated-trenches [15]

As for stacked detector, double-sided detector can be a good solution
for direct 3He replacements [83].
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2.2.3 Lawrence Livermore National Laboratory

The development of 3D neutron detectors at Lawrence Livermore National
Laboratory began in 2005 with revolutionary geometries consisting of
semiconductor pillars submerged in a converter material (10B). Two different
fabrication technologies were proposed: etching silicon substrates around
the pillar or a selective grow of nanowire pillars by chemical deposition[16].
Of particular interest are the pillar inter-distance, the diameter and the
height of the pillar. Figure 2.9 shows two representative cases: 100nm
and 2µm diameter pillars respectively interspaced of 100nm and 2µm on
dependence of the pillar height. The neutron efficiency trend goes in the
direction of having small and deep pillars.

Figure 2.9: Neutron detection efficiency versus cell dimension for pillar covered with 10B

[16]

Detectors with pillars of 2µm diameters and a 4 µm pitch etched for only
12 µm have been fabricated with a multi-step process. Using an appropriate
mask, the pillar was etched by DRIE (Deep Reactive Ion Etching) with an
ICP source, time-multiplexed ”Bosch Process” using ions SF6 for Silicon
and C4F8 for the passivation. For taller pillars, after DRIE, the detector
was immersed in a nitric acid based solution in order to remove the plasma
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damaged silicon surface [84]. The etched volume around the pillars should
be filled by the neutron reactive material. The process used for the 10B

deposition is a chemical deposition with 10B10H14 (decaborane) as precursor
and argon as the carrier gas at 425C. In order to make contacts, aluminium
is sputtered on the pillar after that the 10B deposited on the tip of pillar is
removed with an etching using electron cyclotron resonance etching (ECR)
with a tri-source plasma of CF4/H2/O2. Thermal neutron tests under a
moderated 252Cf source were performed with an efficiency of ∼7.3% [85]
[86]. One issue in 3D neutron detectors is the conformal boron deposition in
the interspace between the pillars (or similarly in perforated detector). CVD
technique is the most controllable process for boron filling of geometries
with relatively high aspect ratio (1:10) [87][88]. Other options, like physical
deposition (sputtering or evaporation) are not suitable to this purpose. In
particular a low Pressure chemical vapor deposition (LPCVD) technique
has been developed for boron coating in high aspect ratio neutron detectors.
The LPCVD process was performed with an enriched 10BH14 gas with a
purity of 98% and a Boron enrichment of 99.23%. The deposition was
carried out at low pressure (2 mTorr), 10BH14 was at vapour pressure of
∼ 20 Torr at 105C. A heated mass flow controller was used to deliver the
precursor with precise flow control and argon gas was used to curry and
dilute the precursor. The process was optimized in order to obtain high
fill factor by varying four parameters: process pressure, buffer gas flow
rate, temperature and process period. The temperature that allowed for
a good fill factor for all the different aspect ratio devices analysed was
420C. Figure 2.10 shows the cross sections, for different geometries and two
different temperatures, and the fill factor is found to be much higher at low
temperature.

The proposed devices were almost completely filled for a process tem-
perature of 420C and a pressure of 50 mTorr[17]. Pillars that make up the
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Figure 2.10: Cross sections of different geometries with different aspect ratio on dependence
of deposition temperature [17]

sensor should be directly coated with metal in order to make an electrical
contact. For the boron removal two different techniques were developed:
planarization with photoresist and etch-back and planarization by etch rate
matching. Both of them allowed for a good contact to the pillar to apply
the bias[89]. The methods use an ECR (Electron Cyclotron Resonance)
plasma etching with SF6 optimized for the boron removal [90]. The internal
forces due to the boron deposition were studied with a Raman spectroscopy
and used for find a correlation between strain concentrations versus the
fracture of micropillar [91]. Varying the depth of the pillars may affect
the neutron detection efficiency; with a pillar height of 12 µm an efficiency
of ∼ 7.3 % was reported [92], whereas with a pillar height of 26 and 50
µm the efficiency was incresead to 22% and 48.5%, respectively [84]. The
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gamma-ray discrimination was measured using a high gamma-ray field and
it is 8.5×105 for a threshold corresponding to a neutron detection efficiency
of 38% [93].

2.2.4 Rensselaer Polytechnic Institute

The Rensselaer Polytechnic Institute has been very active in solid state
neutron detectors in the past few years with remarkable results. They
proposed a high aspect ratio honeycomb geometry using Boron as neutron
reactive material. The hexagonal trenches host boron deposited by a
LPCVD developed to this purpose. Figure 2.11 shows a sketch of the silicon
honeycomb structure where the hexagonal trenches are filled with boron.
The 3D fabrication process uses a DRIE masked with photoresist and 300
nm of SiO2. The junction is obtained during the boron deposition using a
LPCVD process. The temperature of deposition changes during the process:
at the beginning the process is carried out at 900C for diffusing dopant into
silicon and after that the temperature is gradually reduced to 500-600C and
a pressure of 300 mTorr for the boron deposition [94]. In the LPCVD the
precursor gas was diluted B2H6 in H2 with a flow rate of 50SSCM at 525C
[95]. The metal used for the front and back contact was Ti–Al deposited
using sputtering. Before the metal deposition it was necessary to remove
the excess boron using a RIE plasma etching with SF6 and O2. The silicon
oxide deposited for the mask definition is used for stopping the etching
process and is removed before the metal sputtering.

Monte carlo simulations using GEANT4 were performed to optimize
the geometrical dimensions of the structure. Despite the shapes and the
geometries are different from those described in section 2.2.2 and reported in
[71], simulation results are in good agreement. High efficiency for thermal
neutron is possible if the cell is small enough and the trenches occupy
most of it. GEANT4 simulations reported in 2.12 show that, for a given
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Figure 2.11: Honeycomb structure sketch [18]

combination of ratio between trenches and separation walls, it is possible
to reach ∼ 45% for a hole depth of 40µm[18]. Simulations also highlight a
sensitivity of the efficiency to the size of the structures [94].

The electrical characteristics are very good: the trenches are doped,
thus eliminating surface generation/recombination problems induced by
DRIE process, and full depletion is achieved at very low voltage. The first
fabrication run used natural boron for filling the trenches. Detectors were
tested under perpendicular neutron flux with moderated 252Cf source with
an efficiency of 4.5% and a gamma sensitivity of 1.1× 10−5 [18]. Varying
the threshold it was possible to obtain a higher neutron detection efficiency
at the expense of gamma discrimination. By replacing natural boron with
enriched 10B an efficiency of ∼ 26% was reached [96].
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Figure 2.12: Simulated efficiency for parametrized honeycomb geometry [19]

2.2.5 Other groups

The Czech Technical University in Prague has been among the pioneers
in semiconductor based neutron detectors. They started by investigating
planar sensors covered with 6LiF [97] [61]. More recently, they used silicon
detectors coupled with neutron converters for imaging applications by using
Medipix read-out chips [98][99][100]. 3D detectors have been also considered
and developed in collaboration with Sintef and other institutes. Simulations
of cylindrical and square pores have been developed and they predicted
an efficiency of 28% and 32% for 6LiF and 20% and 22% for 10B [101]
[102]. Another important geometry proposed in collaboration with Sintef
was a 3D structure with pyramidal structures filled with TiB2 and 6LiF

[103]. The advantage of this solution is the simplified fabrication process:
the pyramidal grooves were obtained by TMAH (tetra-methyl-ammonium
hydroxide) wet chemical etching. The etching follows the crystal plane 111
with an angle of 54.6 degrees. The remaining part of the process is the
same as for planar detectors. A relative efficiency increase of up to 38%
was obtained with respect to standard planar detectors coated with the
same neutron reactive layer.
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The Instituto de Microelectrónica de Barcelona (IMB-CNM, CSIC) is
also involved in this research field. They developed two different 3D detector
concepts: classical trenches filled with neutron converter and very thin 3D
detector covered by neutron converter but working as planar. Sinusoidal and
honeycomb trenches were simulated, fabricated and tested with encouraging
results. The converter material was 6LiF and the efficiency was ∼ 8.6 %
[104]. The concept of ultra-thin 3D detectors is aimed at reduced gamma
sensitivity. It is different from the 3D etched detectors used to maximize
the surface area of interaction of the converter material with silicon. As well
known, the capacitance in a planar sensor is increased as the thickness is
decreased, and this is generally an issue for the noise of the electronic read-
out. A 3D structure, on the contrary, allows the thickness to be reduced,
while still keeping the capacitance at acceptable values. 3D detectors
were proposed by S. Parker in 1997 [105] and are currently used in many
experiments at Cern (European Organization for Nuclear Research). They
will be described in detail in 4.

Figure 2.13: Sketch of a 3D ultra-thin detector of neutrons with reduced gamma sensitivity
[20]

Figure 2.13 is a sketch of the ultra-thin 3D detector developed, fabricated
and tested. The holes in silicon have a diameter of 5µm and are positioned
at a distance of 80µm between columns of the same doping type. Holes are
not filled with converter material but they behave as Ohmic and junction
contacts of the device. The efficiency for different converter materials
(10B, 10BC) are in line with standard planar detectors, but the gamma ray



43 2.3. Neutron detector applications

sensitivity is inded very good, of the order of ∼ 10−8.

2.3 Neutron detector applications

As compared to X-rays, neutron cross section has an opposite trend for
different materials (see Fig. 2.14), and this makes them a good candidate
to investigate light materials.

Figure 2.14: Relative cross-sections of various elements for neutrons and X-rays [21]

Attenuation of X-ray increases with the atomic number of the elements
and, in imaging applications, there is a very low contrast between light
materials and background. In materials rich of water or hydrogen, having
a sufficient contrast is very complex, making them impractical for imaging
techniques. For this reason neutron tomography finds application in a broad
spectrum of fields. As an example, it is possible to apply this technique in
archeology for dating and studying historical artworks, in materials science,
in fuel cells research, in biological and medical applications, in homeland
security and contraband detection. Both 2D and 3D neutron imaging
are non-destructive and non-invasive techniques that provide information
about the materials structure, texture, phase contrast and composition
of the material. From neutron beam attenuation through the matter it
is possible to extract the information useful for the neutron radiography.
The attenuation coefficient depends on the material characteristics and the
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neutron wavelength. Beam absorption and scattering in the analysed object
decrease the transmitted beam intensity. This can be used in the analysis
of rare artefacts because the information about the material composition
can be extracted (each material has a different cross section). This permits
to make analysis in materials like bronze where X-rays would not penetrate
deeply. The different bronze alloy composition can be used to determine
the fabrication period. An example of neutron imaging of archaeological
bronzes is shown in Fig. 2.15. It represent a statuette of a small dog with
a resolution of approximately 75 µm.

Figure 2.15: Photograph and neutron radiograph of an bronze dog statuette (7.5 cm x 3.5
cm) [22]

The same technique used for archeological studies can be used for imaging
of biological samples. The contrast is mainly provided by the scatter with
hydrogen atoms [106]. The measurement setup is reported in figure 2.16.

As in the previous case, neutron radiography measures the flux atten-
uation for absorption and scattering within the sample. Internal cracks
in the material can be investigated by direct imaging in metals like iron
[107]. The residual strain in materials can be determined through Bragg’s
law by measuring distances between crystallographic planes of the strained
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Figure 2.16: Layout of a neutron imaging beamline [23]

sample and a reference [108] Images with high contrast on hydrogen-rich
materials allow to make in situ non-destructive analysis of polymer elec-
trolyte membrane hydrogen fuel cell. In this case it is possible to check the
functionality of the system during its operation and discovery defects [21].

Another application, where in most cases it is not necessary to have
imaging systems, is homeland security, where sensors able to detect materials
normally used in nuclear weapons, like plutonium, are extremely important
[50].
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Neutron detector: design, fabrication and simu-
lation

The neutron detectors designed at the University of Trento were fabricated
at FBK (Fondazione Bruno Kessler), Trento. This activity was carried out
within the HYDE project (HYbrid for Neutron Detector), that was funded
by the Italian National Institute for Nuclear Physics (INFN) through
the CSN5. In this project two batches of sensors were fabricated. In
the first batch (Hyde 1), a modified 3D-STC (3D Single Type Column)
sensor structure [109] was fabricated with the purpose to ease the coupling
with different neutron converter materials. Rather than aiming at a high
detection efficiency, such a structure should be intended as a test vehicle to
carry out experiments useful to investigate the main issues with neutron
detection. In the second batch (Hyde 2), optimized sensor geometries have
been considered, trying to address the problems that were discovered in
the first batch. Since the complex geometrical topography and the non
ideal charge collection behaviour of 3D detectors of the first batch made
the interpretation of experimental results difficult to be fully understood,

47
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planar detectors were also tested in comparison, that also helped to tune
the Geant4 simulations.

3.1 Hyde 1 device description

The Hyde 1 layout contained two different main device types: test structures
and detectors. The wafer layout, shown in figure 3.1 is designed to be
fabricated on 4 inch wafers with a nominal thickness of 230 µm. Most
of the wafer area is covered with detectors (37 devices with 12 different
geometries), whereas at the corners are 8 blocks of test structures. A wide
safety margin (∼ 1 cm) is left at the wafer edge.

Figure 3.1: Wafer layout of batch Hyde 1

3.1.1 Test structures

The test structures are mainly aimed at monitor the fabrication process
quality. They include a planar diode, two coupling capacitors, different
resistors, and 3D ”basic structures”. Figure 3.2A shows the layout of the
block of test structures. It has a dimension of 7.5×7.5 mm2. The diode are
a made of a circular n+ implantation on the p substrate, surrounded by a
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guard ring. They are used for current-voltage (I-V) and capacitance-voltage
(C-V) characterization, from which information about leakage current, car-
rier lifetimes, breakdown voltage, depletion voltage and substrate doping
concentration are obtained. The MOS (Metal Oxide Semiconductor) capac-
itors are made of a circular metal plate on top of an insulator, consisting
of a stack of different oxide layers. Similarly to the diode, a metal guard
ring is present (as a parallel MOS). Two additional MOS capacitors made
on top of highly doped regions (p+ and n+ implantations), referred to as
coupling capacitors, allows to extract information on oxide layers of different
thicknesses used in the fabrication process. There are two types of resistors
of the Van der Pauw type, aimed at measuring the sheet resistance the
contact resistance of different doping layers. The 3D ”basic structures”,
shown detail in Fig. 3.2B are the most important since they allow to check
the most critical step in the device fabrication. As it will be described in
Section 3.1.2, contacts to the trenches from the opposite side are made
by using conductive micro holes similar to TSV (Through Silicon Via).
Two alternatives were studied for these stuctures with a process split: a)
micro holes filled with doped poly silicon and, b) micro holes only doped
with phosphorus. 3D basic structures are available as single trenches with
two separate contacts, through which a current could be forced, as shown
in Fig. 3.2B, and small arrays of the same structures connected in series.
These devices allow to measure the contact resistance to the trenches.

3.1.2 Hyde 1 neutron detectors

The considered detectors are essentially diodes aimed at test purposes and
not optimized for neutron detection. In fact, in this first batch, in order
to ease and speed up the electrical and functional characterization of the
detectors, without need for bump-bonding with a read-out chip, all the
cavities of the devices are short-circuited together by a metal grid to obtain
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Figure 3.2: A) Test structures cell, and B ) a detail of the 3D basic structure.

a diode-like structure. The schematic cross-section of the device is shown
in Fig. 3.3A. The cavities are cubic with a size of 200×200×200 µm3, and
are obtained by using Deep Reactive Ion Etching (DRIE). The cavities are
doped with a phosphorus diffusion to act as junctions, and are isolated at
the Si/SiO2 interface by using a uniform p-spray implantation.

The planar p+ electrodes on the wafer side opposite to the cavities are
obtained by boron implantation. Both p+ and n+ contacts are actually
on the same side. This choice was dictated by different reasons: on one
hand, after the DRIE etching, due to the severe topography, it would be
difficult to perform lithography with good results on the cavity side; on the
other hand, having the contacts and the cavities on opposite sides gives
more flexibility for the converter deposition and the interconnections. As
already mentioned, the developed technology uses narrow via holes (with a
nominal diameter of 6 or 8 µm) to contact the cavities from the opposite
side. Different geometrical options were considered during the layout design.
In particular, the pitch between the cavities (from 300 to 400 µm), the
width of the p+ regions (from 50 to 150 µm) and the via holes size. An
example of layout is shown in Fig. 3.3B. The die size 1 cm2, but the active
area is about 0.25 cm2. Two metal pads for the anode and two for the
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cathode (in order to have redundancy) are available to make the electrical
connections to the readout system.

Figure 3.3: A) Schematic cross-section (not to scale), and B) layout of 3D sensor of batch
Hyde 1[24]

The advantages achieved by using this technology are mainly:

• the cavities can be filled with converter material without interfering
at all with the electrical contacts, i.e., the converter material can be
deposited everywhere without need to mask any contact or to later
etch the converter;

• in case of deposition of scintillator materials, an external photodetector
could be coupled to the sensor for the detection of the emitted light;

• the back side is not affected by the converter deposition and so is
completely available for the interconnection with the read-out chip.

3.1.3 Hyde 1 fabrication process

As already mentioned, the process was split in two parts, which are different
in many steps: in the first one the n+ contact to the junction cavity is based
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on phosphorus diffusion of the narrow via holes, whereas in the second one
the via holes are filled with doped poly-silicon.

Figure 3.4 summarizes the fabricatiob process for the first part:

• implantation of p-spray on the front side, and of p+ and n+ contacts
on the back side (1);

• etching of trenches, doping by diffusion and deposition of passivation
materials on the front side (2);

• etching by DRIE of the connection via holes after the removal of silicon
nitride on the back (3);

• doping of via holes, metalization of the contacts and excess oxide
removal (4).

In the second process split, the connection between trenches and contacts
is realized by doping and poly-silicon filling. The fabrication sequence differs
mainly in two steps: I) the n+ contact region is not implanted, because
the contact with the metal is done directly on the poly-silicon layer, and
II) after the etching of the via holes there is a deposition of n+ doped
poly-silicon.

A list of all the different geometries of devices is reported in Table 3.1.
Before starting the fabrication of the Hyde 1 batch, many tests were

performed for tuning the single steps of the process. In particular, the two
most difficult steps are the etching of the trenches and of the via holes.
Some results from these tests are shown in Fig. 3.5. In particular, the figure
shows: (1) a cross section of the wafer taken with an optical microscope,
and (2) highlighting the via holes. Using SEM microscopy it is possible to
observe in detail the DRIE etching of the via hole (3) and of the trenches
(4). The latter SEM images allow to appreciate the typical scalloping effect
typical of DRIE process.
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Figure 3.4: Main steps of the Hyde 1 fabrication process

3.1.4 Converter materials used with Hyde 1 sensors

Big trenches like those of Hyde 1 sensors lend themselves to be easily filled
with many different materials and using different filling techniques . The
materials used as neutron converter were: sub-micrometer particle size of
6LiF , based compounds of polysiloxane containing 10B compounds and
thin layers of 10B compounds.

Neutrons imaging and tracking is based on the detection of protons
emitted by the converter material. The working principle is based on
multiple elastic neutron-proton scattering in organic and plastic scintillator
[110]. The converter material considered for the trenches filling of Hyde 1
was Poly (22-25 mol% diphenylsiloxane-co- dimethylsiloxane) (22PDPS) or
condensation curing polydimethylsiloxane (PDMS). PDPS has an higher
scintillation light yield [111][112] but PDMS is to be preferred because it has
an higher hydrogen content (79 mol/l against 71 mol/l for 22PDPS)[113].
The performance with neutrons have reached detection efficiencies as high
as 70% in comparison of standard commercial plastic scintillators [114].

This materials can be easily produced using processes at room tempera-
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Name
Cavities

Pitch
Array

dimension

p+

region
width

Via
holes
size

Multiplicity

400-50-6 400 13x13 50 6 3
400-100-6 400 13x13 100 6 3
400-150-6 400 13x13 150 6 3
400-200-6 400 13x13 200 6 3
400-50-8 400 13x13 50 8 4
400-100-8 400 13x13 100 8 5
400-150-8 400 13x13 150 8 4
400-200-8 400 13x13 200 8 4
300-50-8 300 17x17 50 8 2
300-100-8 300 17x17 100 8 2
350-100-8 350 15x15 100 8 2
350-150-8 350 15x15 150 8 2

Table 3.1: Geometrical details of Hyde 1 detectors

ture. The low viscosity permits to be an option suitable for the trenches
filling. The thermal range has a wide range from -60 C up to 200 C and a
good transparency even with high radiation doses [115][114].

Table 3.2 resumes all the materials and the techniques used for the
deposition of the converters.

The mechanical filling, performed by pressing the 6LiF powder with
average grain size smaller than 1 µm on the trenches, was made at the Czech
Technical University in Prague. Figure 3.6A shows the SEM micrograph
of the 3D diode filled completely and quite uniformly with 6LiF .

The PDMS containing 10wt%o-carborane or 30wt%o-carborane was pro-
duced by mixing the desired quantities of additives in the resin. In order
to pour it into the cavities the PDMS deposited on the front surface of the
sensor at low pressure. As soon as it is moved to atmospheric pressure, the
difference of pressure pushes the resin into the cavities getting a complete
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Figure 3.5: Microscopic details of Hyde 1 production

filling. The detector is finally put in a oven at 60C for a couple of hours.
Figure 3.6B shows the good adhesion with the walls of the detector and
the complete and homogeneous filling.

Figure 3.6: A) SEM image of the cross-section of a 3D diode filled with 6LiF , B) SEM
image of the cross-section of a 3D sensor filled with PDMS [25]

Sputtering of a thin layer of 10B4C and 10B were also performed. The
resulting thickness for 10B4C was 0.5 µm for 30 min of deposition and 1 µm
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Sample Material Converter Deposition tecnique

6LiF
Enriched sub-micrometric

6LiF
6Li

Dry mechanical
filling

PDMS
carborane

Polydimethylsiloxane doped
with 10wt%o-carborane

10B
Polysiloxane resin

filling

PDMS 10B
Polydimethylsiloxane doped

with 30wt%o-carborane
10B

Polysiloxane resin
filling

10B4C 30 min Thin enriched 10B4C layer 10B Sputtering 30 min

10B
Thin enriched metallic 10B

layer
10B Sputtering 1h

Table 3.2: Different depositions on Hyde 1 samples

for 1 h of deposition. A smaller rate of only 0.4 µm per 1h of deposition
was obtained for 10B deposition.

3.2 Planar sensor description

Planar sensors, available from previous productions for other purposes, were
also used as neutron detectors. A sketch of their cross-section is shown in
Fig. 3.7. They were fabricated on Float Zone, p-type substrate, 300 µm
thick and with a resistivity higher than 6 kΩ · cm. The active area was
1.71×1.71 mm2, surrounded by a 100 µm wide guard ring.

Figure 3.7: Sketch of the planar sensor with sputtered converter on the top (not to scale)
[26]
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For these devices, the deposition of the converter material had to take
into account of the presence, on the front side, of the diode and guard ring
contacts. For this reason, in order to prevent short-circuits between contacts
and to ease the bonding, a tape mask was applied before sputtering. The
masking process had a low reproducibility and there was a small variability
(∼ 10%) in the deposited area of converter. The non-optimized deposition
process does not allow to achieve a high thickness due to the high mechanical
stress on the surface of the detector. By profilometer measurements and
SEM images (see e.g. Fig. 3.8) it was possible to estimate the thicknesses.
Details for these devices are summarized in Table 3.3.

Figure 3.8: A SEM micrograph of a planar sensor with ' 500 nm of 10B sputtered on the
surface.

Sample Thickness [µm] Area [mm2]
10B4C 30 min 0.4±0.1 1.45
10B4C 60 min 1±0.1 1.53

10B 0.5±0.1 1.46

Table 3.3: Planar diode deposition parameters

Figure 3.9 shows two examples of deposition of metallic boron (A) and
B4C (B). The deposition rate of 10B was lower (∼ 50%) but the quality of
the deposition was better than for B4C.
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Figure 3.9: A) Optical micrograph of ' 500 nm of 10B sputtered on a planar sensor, and
B) optical micrograph of ' 500 nm of 10B4C sputtered on a planar sensor.

3.3 Hyde 2 device description

The second batch of sensors, called Hyde 2, leveraged the experience acquired
with the previous detectors. The main purpose was to have a simplified
production process and, at the same time, good results in terms of neutron
detection efficiency. In this case the detectors were conceived to be filled
with enriched boron as a converter material. In previous works, already
reported in chapter 2, different geometries were investigated in order to
achieve good efficiency [19][16] [71]. The main conclusion was that, in order
to obtain high efficiency, small dimensions should be used for elementary
cells. The new design, assisted with Monte Carlo simulation, followed this
basic rule for the definition of the cell. The choice to use boron is justified
by the small range of reaction products that can be useful in imaging
applications. The drawback of this approach is the difficulty to fill the small
trenches with neutron reactive material. The Hyde 2 wafer layout, shown
in Fig. 3.10, is composed of three parts. Most of the wafer area (5×6=30
devices at the center of the wafer) is devoted to pixelated sensors compatible
with the readout chips of the Medipix/Timepix family [99]. All around
these sensors are 50 smaller devices (diode detectors) and 10 blocks of test
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structures. Two different diode topologies were designed: the ”diode-like”
structures are composed by an array (128×128) of short-circuited pixels,
whereas the ”big diode” has a single, uniform junction implantation on
the back side. The Hyde 2 batch was fabricated on 6 inch wafers with a
nominal thickness of 275 µm. Also in this case the area close the wafer
border was not left empty because of the low uniformity of processes in
this peripheral region.

Figure 3.10: Hyde 2 Layout

3.3.1 Test structures

Also in this case, test structures were included to check the quality of the
production process. They include a planar diode, a MOS capacitor, different
resistors, a gated diode, a NMOS transistor and a coupling capacitor. The
layout of the block of test structures is shown in Fig. 3.11. Compared
to the Hyde 1 layout, in this case there is a gated diode that is useful to
measure the surface generation/recombination velocity [116]. The electrical
properties of this batch of devices were good enough and only a few test
structures were measured.
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Figure 3.11: Test structures of Hyde 2

3.3.2 Hyde 2 neutron detectors

The neutron detectors, as already mentioned, were composed of pixelated
sensors compatible with the Medipix front-end, as well as ”diode-like”/”big
diode” detectors. The cross section of the device, with the main geometrical
dimensions highlighted, is reported in Fig. 3.12. Looking at the dimensions
of the trenches and of the separation walls in between, it is possible to
immediately note a huge reduction as compared to the previous batch Hyde
1. The mechanical stress caused by the different thermal expansion during
the boron deposition can severely damage the narrow walls between the
trenches. For this reason the chosen design was a web structure. Medipix
detectors have an overall size of about 1.5×1.5 cm2, whereas the diode size
is about 0.7×0.7 cm2. The pixel pitch is 55×55 µm2. The cavities are
etched by DRIE.

On the etched side (front), only at the surface, is a thin p+ Ohmic
implantation and a layer of aluminium that should be contacted for applying
the bias. To minimize the dead layer and simplify the fabrication process,
the walls of the etched trenches are not doped, but a very thin layer of
Al2O3 is deposited as a passivation. Nanolayers synthesized by atomic
layer deposition (ALD) emerged as a passivation solution of solar cells [46].
The passivation property of Al2O3 were already used in the end of 80’ by
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Figure 3.12: Cross-section of the Hyde 2 detector (not to scale) [27]

Hezel and Jaeger [117]. ALD technique has revived this technology for
passivating p-type substrates in solar cells [118]. In radiation detectors it
was successfully used in slim edge detectors [119]. In this application was
developed a technique called Scribe-Cleave-Passivate (SCP) that consist
in the wafer cleaving (compared other techniques as e.g. dicing saw the
amount of defects is lower) and deposit, at low temperature alumina. The
results in the charge collection shown no deterioration of the efficiency near
the edge.

On the bottom side are the junctions obtained by n+ implantation and
arranged as pixels. The surface isolation between pixel is obtained by
an uniform p-spray implant. Each pixel is an elementary block and, as
anticipated, has a web structure as shown in Fig. 3.13A. Different sizes
for the cavities and the walls in between them were considered in order
to investigate the impact of different combinations of dimensions on the
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detection efficiency.

Figure 3.13: A) Optical micrograph of a detail on the perforated side, and B) mask layout
of single pixel.

The key factor to obtain high efficiency in neutron detection is the
geometrical dimension of the cavities. In the process flow it corresponds to
the most difficult part and for this reason many etching tests were performed
in order to define the maximum etching depth which does not affect the
quality of the walls. In fact, an increase of the etching time can damage
the walls close to the surface due the difficulty to dissipate heat. From the
test results the best trade-off was found to be an etching depth between 20
and 30 µm.

On the layout of each device (see e.g. Fig. 3.14) are reported some metal
labels corresponding to the cavities and of the walls. For example, in this
case, the writing identifies a ”diode-like” detector with dimensions of 2.8-1.1.
The dimensions are highlighted in the mask layout of a single pixel shown
in Fig. 3.13B: The first number, in this case 2.8, represents the diameter of
the central hole and the size of the trenches, whereas the second number,
in this case 1.1, is the size of the wall.

Figure 3.15 shows a SEM image relevant to an etching test with a trench
depth of 27.5 µm, where the presence of defects, visible as roughness close
to the surface, can be observed. Lower cavity depths tend to extinguish
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Figure 3.14: Layout of a ”diode-like” detector

completely this effect.

Figure 3.15: SEM micrograph of test cavities etched by DRIE [28]

3.3.3 Hyde 2 fabrication process

The fabrication process of Hyde 2 devices is essentially a standard planar
process with the addition of the trench etching on the front side. Two
different productions were carried out at FBK because in the first batch
there was a problem with the wafer bowing which prevented the sensors with
the smallest cavities to be obtained. In the second batch, the lithography
of the trench geometries was performed with a stepper.
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Figure 3.16 summarizes the fabrication process:

• implantation of p-spray and n+ regions on the back side and uniform
implantation of p+ region on the front side (1);

• deposition of the metal on both sides and patterning on the back side
(2);

• etching of the trenches on the front side (3);

• trench passivation with alumina on the front side (4).

Figure 3.16: Main steps of the Hyde 2 fabrication process

A list of all the different device geometries is reported in Table 3.4.
Despite the preliminary tests were successful, during the device processing

it was not possible to reproduce the results due to several accidents. In the
first batch, the main problem was the large wafer bowing caused by the
surface stresses from different materials, which were not properly taken into
account. Due to this reason, the quality of the mask aligner lithography
was not so good and the most important device geometry (i.e., the one
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Geometry diode-like Big diode Medipix
planar 2 2 2
2.8 1 3 3 5
3 1.5 3 3 4
4.5 2 3 3 3
4.5 2.5 3 3 3
4.5 3 2 3 3
5 3.5 2 3 3
5 5 2 2 2
honey 2 2 3
honey2 2 2 2

Table 3.4: Geometrical details of Hyde 2 detectors

with the smallest cavities) could not be properly defined. However, the
characteristics of the other devices (including the trench passivation) were
good enough to use them for measurements.

The stepper lithography is inherently much better than the mask aligner,
and more tolerant to wafer bowing. However, in the first batch it was not
possible to use the stepper because the alignment marks it needs were not
available on the wafers. The second batch was conceived to be fabricated
by using the stepper, but the alignment marks were not properly defined
on all wafers, so that only one wafer could be fully processed, which did not
include all the possible geometries. Moreover, on this wafer, the alumina
deposition process was not able to reproduce the previous results in terms of
charge density, thus compromising the electrical properties of the detector.

3.3.4 Converter materials used with Hyde 2 sensors

Filling Hyde 2 sensors with a neutron converter material represents a big
issue due the very small dimensions of the trenches. Different solutions
were considered and tested in collaboration with partner laboratories within
the network of scientific collaborations of the University of Trento. Test
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structures with etched cavities were tested with three different technologies:

• Direct current magnetron sputtering (DCMS)

• High-power impulse magnetron sputtering (HiPIMS)

• Low pressure chemical vapor deposition (LPCVD)

The sample depositions using DCMS and HiPIMS, suitable to deposit
10BC , were performed at Linköping University (Sweden) in collaboration
with the European Spallation Source (ESS). Different tests were performed
by changing the applied bias for the process and the temperature of the
substrate. The SEM image in Fig. 3.17A shows the best result obtained
by using the DCMS process with no applied bias at a temperature of 350
C for the substrate. Figure 3.17B shows the best result obtained by using
the HiPIMS process with 150 V bias voltage at a temperature of 430 C
for the substrate. In the former case the 10BC is deposited only on the
surface of the detector and does not enter the trenches. In the latter case,
the situation is much better because about half of the trenches is filled.

Figure 3.17: 10BC deposition tests on Hyde 2 structures with different techniques: A)
DCMS, and B) HiPIMS.

LPCVD deposition technique was tested at the Lawrence Livermore
National Laboratory (LLNL) in the USA. Figure 3.18 shows an example of
10B filling performed using the following recipe:
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• Furnace temperature: 285 C

• substrate temperature 340 C

• 10 mTorr base pressure, 70 mTorr background (Ar only) and 160-180
mTorr operating pressure (Ar + B10H14)

• 2.8 sccm Ar carrier gas

• 120 minute deposition

Figure 3.18: Deposition using LPCVD at LLNL: A) SEM image of the trenches, and B)
front view of the sample after ERC etching

Boron is an electrical insulator, so it should be removed from the sensor
surface in order to make a contact with the metal. To this purpose, Electron
Cyclotron Resonance (ERC) etching was used and the results are reported
in figure 3.18B.

Despite these encouraging results, the first 10B deposition at LLNL on
real detectors has failed because boron went accidentally on the back side
of the sensors, making damage to the surface. Figure 3.19 shows such an
effect on the passivated surface after the boron deposition.
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Figure 3.19: Surface damage after accidental boron deposition on the back side

In order to solve this problem, a high temperature compliant adhesive
tape was used to protect the back side surface as well as the contacts on
the front side. Using this approach it is not necessary to remove by ERC
the boron deposited on the surface (and consequently on the contact) of
the front side. In the future another option that could be tried for boron
deposition is the ALD process reported in [120].

3.4 Sensor assembly

The functional tests with alpha particles, gamma rays and neutrons cannot
be performed on a die. In order to be tested, sensors need to be packaged.
Special PCB supports were purposely designed. A conductive bi-component
glue with silver particles was used for the assembling of the detectors with
PCB. The front side of the sensors was contacted through the glue to the
board, while on the back side the connections were made by wire bonding
between the contacts and the gold plated pads present on the PCB. Figure
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3.20 reports the PCBs used for the Hyde detectors.

Figure 3.20: PCBs used for Hyde detector testing

It was decided that any contact should be avoided between the converter
material and the big metal pad of the PCB where the detector is glued.
The reason for this choice is twofold: I) in Hyde 1 sensors, the LiF and the
PDMS depositions were made after the packaging, and II) the difference
of thickness between the detector regions (coated with the converter and
uncoated) could spoil the electrical contact. For these reasons the PCB
was drilled with a hole of diameter of 7-8 mm so as to leave open the active
area of the detector and connect with the glue only the periphery where
the contacts are present.

3.5 Simulations

Different types of simulations were performed in order to predict and
understand the behaviour of the detectors: Monte Carlo Simulations and
numerical device simulations using Synopsys TCAD tools [121]. TCAD
simulations will be described in parallel with the experimental results as an
aid to their interpretation. The tools used for Monte Carlo simulations were
the toolkit Geant4 [122] [123] and the already mentioned SRIM. Monte
Carlo simulations are based on a stochastic mathematical technique based
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on the use of sequences of random numbers and probability. The Geant4
simulations were performed by following the procedure described hereafter:
I) definition of geometries and materials, II) simulation of one million of
thermal neutrons (0.025 eV) particles, and III) analysis of the results. The
geometries were directly imported from the CAD model by using the CAD
interface for Geant4 described in [124]. The neutron flux was perpendicular
to the detector surface with a uniform spatial distribution along the x-y
axes. The converter materials considered, corresponding to the depositions
on real samples, were:

• 6LiF with enriched 6Li and 19F with a density = 2.64 g/cm3 for the
Hyde 1 devices

• 10B4C composed of 10B at 99% and 11B at 1% and 12C at 100% with
a density of 2.52 g/cm3 for the planar detectors coated with boron
carbide

• 10B with enriched B at 99% and 11B at 1% with a density of 2.46
g/cm3 for the boron converter deposited on the planar and Hyde 2
detectors

The simulations were initially carried out with neutrons impinging from
the front side of the detector and then were repeated with neutrons imping-
ing from the back side. The physical model, appropriate for this simulation,
has been the QGSP BERT HP, using the neutron cross section contained
in the GDML library. The efficiency is calculated as the ratio between
the number of events that released energy in silicon and the number of
neutrons. The energy released from gamma rays is not considered in the
calculation of efficiency and a settable threshold of minimum energy released
was considered.
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3.5.1 Geant4 simulation of Hyde 1 devices

The trenches of Hyde 1 devices were completely filled with 6LiF , with
an additional layer of the same covering all the detector surface with a
thickness of 20 µm. Figure 3.21 shows the simulated spectra for neutrons
impinging from the front and the back sides of the detector. Due to the
not optimized thickness of the converter layer the back side illumination
gives better results (the simulated efficiency was, with a threshold of 50
keV, 11.86% for the back side illumination and 8.90% for the front side
illumination). Due to the large size of the cavities and their cubic shape,
the probability to detect both reaction products is very low, as can be seen
from the tails of the spectra.

Figure 3.21: Geant4 simulation of Hyde 1 devices

3.5.2 Geant 4 simulation of Planar detectors

This simulation is of particular interest because it can be compared directly
with data available from literature. The efficiency results, reported in figure
3.22, are referred to a million of thermal neutrons with a threshold of 50
keV. The converter material had an uniform thickness along the surface.

The efficiency is almost the same for front and back side neutron illumi-
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Figure 3.22: Comparison of simulated efficiencies for different planar detectors

nation. This behaviour is the expected one because of the relatively thin
thickness of the converter material. The results are in very good agreement
with both calculated and measured data, thus confirming the significance
of the simulation also for the 3D detector.

3.5.3 Geant4 simulation of Hyde 2 devices

The proposed geometries for the second batch of neutron detectors were
also simulated. These geometries are very complex to be designed using
only Geant4, in order to maintain the volume of the trenches close to the
volume of the central hole. This is the main reason why it was necessary to
import the geometries from the CAD drawings. The deposited thickness
of 10B is only 1 µm. For this reason, a complex geometry able to cover
silicon with a uniform converter layer was created. The simulated trenches
depth was, according the fabrication process issues, 25 µm. The spectra for
all the proposed geometries for front side and back side illuminations are
shown in figures 3.23A and 3.23B, respectively.

The estimated efficiency, also in this case considering a threshold energy
of 50 keV, is strongly dependent of the trenches and separation walls
volume. The results for all the geometries and for both front and back side
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Figure 3.23: Geant4 simulation of Hyde 2 devices: front side illumination, and B) back
side illumination.

illumination are summarized in figure 3.24. The importance of using small
dimensions for the cavities and the walls is evident, with efficiency values
decreasing from ∼30% to ∼12% as the sizes are increased from the smallest
ones to the largest ones.

Figure 3.24: Comparison of simulated efficiency for the proposed Hyde 2 devices of different
geometries
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Experimental results of Hyde detectors

A full characterization has been performed for 3D and planar detector
productions. The electrical and functional tests have been performed
at wafer level using probe stations at FBK, and, after packaging, in the
“Electronics and Embedded Systems Laboratory” at the University of Trento.
X-ray scans were performed at the Diamond light source in Didcot (United
Kingdom).

4.1 Electrical characterization

The electrical characterization provides important information about the
sensor behaviour (e.g., substrate doping concentration, depletion voltage,
leakage current, breakdown voltage). Process problems, like those related
to low level of charge in the alumina passivation layer, can be highlighted
by anomalies in the curves. The two main types of measurements are the
current-voltage (I-V) and the capacitance-voltage (C-V) tests.

75
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4.1.1 Electrical characterization of Hyde 1 devices

The first generation of neutron detectors were electrically fully tested. The
first measurements were performed at wafer level to check two main aspects:
the quality of the process and the electrical contacts. All wafers of the
batch, made with different process splits (i.e., with poly-silicon via filling
and with phosphorus diffusion), were tested. The I-V measurements on
wafer were performed by using a manual probe station connected to a
Semiconductor Parameter Analyser HP 4156A. In figure 4.1 are reported
the I-V characteristics for a selected part of the devices representative of all
the designed geometries. The leakage current is quite good, with values of
a few nA, and in most cases the breakdown voltage is close to 60 V, with
few exceptions due to defects.

Figure 4.1: I-V characteristics of selected devices of different geometries from Hyde 1 batch

C-V measurements allow to obtain information about the depletion in
the detector. A full characterization was performed for all the devices
showing good I-V curves. An example of C-V curve for each considered
geometry is reported in figure 4.2. All curves show the expected decreasing
trend as the reverse voltage is increased, although the complex 3D structure
of the devices make the very shapes of the curves differ from those of a
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planar diode. Both I-V curves and C-V curves, in particular for geometries
where the p+ Ohmic contact dimension is small, show a sudden change of
slope of the characteristics. The voltage at which these current/capacitance
”steps” are observed decrease with the p+ Ohmic contact dimension.

Figure 4.2: C-V characteristics of selected devices of different geometries from Hyde 1
batch

Such a behaviour suggests how the depletion of the sensor volume devel-
ops in the detector. At first the depletion region spreads in the interspace
in between trenches, whereas, only at higher voltages , corresponding to
the observed steps in the I-V and C-V characteristics, the space between
the trenches along the diagonal starts to deplete. Further insight into this
behaviour can be obtained using TCAD simulations. Static simulations
were carried out with the aim of studying the depletion voltage, the electric
field distribution, and the breakdown voltage. The computational time for
large and complex structures is a critical issue. The choice of the simulation
domain can take advantage of the device symmetry, so that for I-V and C-V
simulations a quarter of a pixel was good enough. The simulated structure
is shown in figure 4.3. It refers to the geometry (400-100-8) that was chosen
as a representative case for understanding most of the device features.

The simulated I-V and C-V curves of fig. 4.4 are in quite a good agreement
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Figure 4.3: Hyde 1: simulation domain for static simulations

with the experimental ones shown in figure 4.1 and 4.2. In particular, the
above mentioned step is clearly visible in the C-V curve, although at a
lower voltage, and is also present in the I-V curve at about 40 V, albeit not
so evident. The breakdown voltage at about 55 V is accurately predicted.
The quantitative differences between simulation results and experimental
data are probably related to the simplifications introduced in the simulation
domain with respect to the real 3D structure.

The simulation is also useful to investigate the depletion behaviour.
Figure 4.5 shows the electric field and the depletion volume at different
bias voltages of 9, 15, 21 and 39 V. The depletion volume is represented by
the white line and it confirms the predicted depletion dynamics, that starts
from the volume between the trenches and then extends to the diagonal
region between the trenches.

Test structures were also measured in order to check the quality of the
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Figure 4.4: Simulated I-V and C-V curves for Hyde 1 device of (400-100-8) geometry

contacts. A total resistance of ∼200 Ω was measured on the contact chain
structure, corresponding to a specific resistance of only a few Ω per contact,
that is good enough.

Few samples were bonded as described in section 3.4 and the I-V char-
acteristics did not change significantly after the cutting process and the
packaging.

4.1.2 Electrical characterization for planar sensors

The planar detectors had good electrical performance, with leakage currents
of a few nA and breakdown voltages higher than 200 V. I-V and C-V
measurements are shown in fig. 4.6. The full depletion voltage is ∼ 20 V
and the sensor capacitance at full depletion is ∼ 0.6pF.

4.1.3 Electrical characterization for Hyde 2

Also devices from the Hyde 2 batch were tested mainly with I-V and C-V
measurements. Moreover, additional tests were performed to characterize
the alumina layer used for the trench passivation. The measurements
were performed only on diodes, not involving the pixel detectors. The
two wafers available to be measured were measured three times: before
ALD of deposition of alumina, immediately after the deposition and after
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Figure 4.5: The dynamics of depletion volume in Hyde 1 devices.

the Al2O3 annealing. The purpose of this measurements was multiple: to
check the integrity of the devices and evaluate the quality of the fabrication
process, to evaluate the passivation quality of the alumina before and
after a thermal cycle of annealing. Figure 4.7 reports a selection of I-V
curves for the different geometries before the deposition of the alumina.
The measured curves are almost independent of the geometry, the only
significant difference being the voltage at which the leakage currents shows a

Figure 4.6: Measured I-V and C-V curves for planar sensors
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sudden increase: at ∼80-90V for the big diode and ∼100-110V for the diode-
like design. This difference is compatible with the larger depletion voltage
of diode-like devices due to the junction segmentation, suggesting that
the current increase is to be ascribed to the defects at the non passivated
trenches. In comparison, the planar device (i.e., without trenches) does not
show any current increase.

Also devices where lithography was not good enough to properly define
the trench geometries were electrically tested and the current behaviour is
comparable with the other devices. A part from the problems in the mask
alignment, the process yield very good ∼ 100%.

Figure 4.7: I-V characteristics of selected devices of different geometries from Hyde 2 batch

Immediately after the Al2O3 deposition, the measured I-V curves do
not change significantly and the currents still exhibit a sharp increase at
large voltage. After the Al2O3 annealing, the measured I-V curves change
significantly, as shown in Fig. 4.8. The currents levels are very similar to
planar detectors and do not exhibit an increase at large voltage.

TCAD simulations faithfully reproduce the measurements helping to
understand the device behaviour in detail. The pixel geometry does not
have any symmetry and for this reason the simulation was performed with
a domain corresponding to an entire pixel (with geometry 2.8-1.1) in three
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Figure 4.8: I-V characteristics of the same devices as in Fig. 4.7 remeasured after the
Al2O3 deposition

dimensions. The geometry was designed using a commercial CAD software
tool and the design was imported in TCAD as ∗.sat model. Figure 4.9
reports the domain used for the static simulations. Since the software
does not include alumina among available materials, in the simulations the
passivation layer was modelled as silicon oxide with a different dielectric
constant (3.9 instead of ∼ 7.5) and a negative fixed charge density. At the
interface between alumina and silicon, i.e., at the surface of the trenches
walls, surface recombination was activated with different values of the
velocity (s0), in order to mimic the damage created by the DRIE etching.

The simulations were performed for different s0 in the range 0-1000 cm/s.
The first case, summarized in Fig. 4.10A, refers to an Al2O3 layer with fixed
charge density set to zero (not passivated). In the second one, reported in
Fig. 4.10B, was simulated an Al2O3 layer with fixed charge density set to
-1×1012 cm−2 (passivated). In both cases, simulations and measurements,
the well passivated devices are in good agreement and the value of current
is very similar. In the cases of low charge in the Al2O3 the trend between
measurements and simulation is similar on the case of higher s0 despite
1000 cm/s appear to be not enough for reproduce the measurements.
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Figure 4.9: Electrical simulation domain for Hyde 2 devices

The I-V curve behaviour depends on the electric field distribution in the
detector, which is shown in Fig. 4.11 for two different Al2O3 fixed charge
densities, i.e., 0 (top slices) and -1×1012 cm−2 (bottom slices), and two
different bias voltages, i.e., 80 V (left slices) and 110 V (right slices). On the
top is the n-diffusion creating the junction with the p− bulk, along with the
p-spray. The peak of the electric field is concentrated in this region, whereas
the electric field of course decreases with depth in the silicon substrate. In
particular, close to the trenches, at bias voltages lower than 80 V, the region
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Figure 4.10: A)Simulated I-V curves at different s0 without fixed charge in Al2O3 (not
passivated) B)Simulated I-V curves at different s0 with a fixed charge density in Al2O3 of
-1×1012 cm−2 (passivated).

is not depleted and the electric field is negligible. At higher voltage (110 V)
the depletion region is deeper and it starts touching the etched part. When
this happens, due to the high s0, the current abruptly increases, unless the
surface is passivated. In fact, the absence of any fixed charge causes a large
electric field within the silicon wall in between the trenches, that is fully
depleted. As a result, surface generation significantly contributes to the
leakage current that reaches high values. The situation is different in the
presence of passivation with negative fixed charge: in this case the region
of interest is not fully depleted and the electric field is weak, so that the
surface generation does not contribute to the leakage current.

As far as the wafer fabricated using the stepper equipment for pho-
tolithography, the current behaviour was more or less the same before and
after the Al2O3 passivation step. This was likely to be ascribed to the
alumina deposition step, that caused the fixed charge density to be too
small to passivate the surface. Several tests were performed to investigate
this problem and with the aim of optimizing the process recipes for the
alumina deposition and its annealing (temperature and time). The electrical
characterization was carried out using MOS capacitor test structures. The
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Figure 4.11: Simulated distribution of the electric field along a vertical cross-section of the
pixel for two different Al2O3 fixed charge densities, i.e., 0 (top slices) and -1×1012 cm−2

(bottom slices), and two different bias voltages, i.e., 80 V (left slices) and 110 V (right
slices).

Al2O3 charge density was estimated from the flat-band voltage measured
from C-V curves at high frequency. The resulting values of the charge
density for different tests are reported in Table 4.1: it can be seen that
in most cases using a larger annealing temperature (425 C) makes the
charge density reach large negative values, regardless of the annealing time.
Unfortunately, this is not completely reproducible (see production 2), so
that low values, of the order of 1010 cm−2, both positive and negative, are
sometimes obtained, that are not enough to passivate the surface.

The last electrical measurements were the C-V characteristics. From
the planar detector (without trenches) it was possible to determine the
doping profile of the substrate, ∼ 2× 1012 cm−3, that is compatible with
the nominal resistivity of the wafers. Moreover, the full depletion voltage
was found to be ∼ 110 V for big diode and 130 V for diode-like devices.

The C-V curves measured on the detector with trenches are qualitatively
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Production
Annealing

Charge [cm−2]Temperature [C] Time [min]
200 10 −9× 1011

1 425 10 −1.5× 1012

425 40 −1.5× 1012

2 425 10 2× 1010

3 425 10 −5× 1012

Table 4.1: Summary of Al2O3 charge density values for different deposition and annealing
recipes

similar.
An example of 1/C2-voltage is reported as in figure 4.12 for both a

big diode and a diode-like device. In the latter, as expected, the junction
segmentation causes the depletion voltage to be slightly larger, but in both
cases the saturation value of the capacitance at full depletion is ∼ 19.0 pF,
that is in good agreement with the geometrical dimensions of the devices.
In good passivated perforated devices the depletion stops before extend in
the trenches: the total capacitance is equivalent to a planar detector with a
thickness reduced of the trenches depth. The capacitance for the produced
device etched for ∼ 25 µm is ∼ 20.5 pF.

After the wafer cutting and device packaging, no significant differences
were found in the electrical characteristics of Hyde 2 sensors.

4.2 Functional characterization

The functional characterizations allows the dynamic behaviour of the de-
tector and the charge collection properties to be investigated. To this
purpose, four different setups were used for the measurements, depending
on the considered excitation source: alpha particles, gamma rays, laser, and
X-rays.
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Figure 4.12: 1/C2-voltage characteristics of 3D and planar big diode and a diode-like
sensors from Hyde 2 batch

4.2.1 Setup for α/γ source

The α/ and γ setups are composed of commercial components assembled
in order to obtain a full read-out system. The schematic diagram reported
in Fig. 4.13 summarizes the different blocks within the chain. The first
block is a Charge Sensitive Amplifier, for which two different options were
used, depending on the noise performance required: Cremat mod. CR110
and Amptek A250, the latter featuring a lower noise figure. The CSA is
connected either to a Cremat Gaussian shaper (CR-200 series) with different
possible options for the peaking time, or to a digital trapezoidal shaper
(Amptek DP4) with variable shaping time. In case of the gaussian shaper,
the data acquisition is carried out by means of a Multichannel Analyser
from Amptek (MCA8000D). On the contrary, the digital trapezoidal shaper
includes a Multichannel Analyser on board.

To the CSA board are connected the power supply voltages through a
low-pass filter. Reverse bias voltage is applied directly to the detector read-
out electrode, whereas there is a coupling capacitor between the detector
and the amplifier. To the input of the CSA circuit is also connected a
capacitor for injecting well known charge packets in order to calibrate the
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Figure 4.13: Block diagram of the read-out electronics used for α/ and γ tests

measurements. Different shaping times are necessary for two reasons: I)
optimize the noise, and II) understand the detector signal dynamics by
way of the the ballistic deficits observed with a pulse shaping amplifier.
The ballistic deficit is an error in measurements that happens when the
detector signal duration is longer than the peaking time [125]. In this case
the output voltage is proportional to the charge collected at the peaking
time (and not to the total charge induced by an ionizing particle). Another
second order effect of ballistic effect is the deformation of the Gaussian tail.

4.2.2 Setup for laser scan

Laser scans allow to obtain spatial information of the collection of charge in
the detector. The drawbacks are mainly two: I) the laser light absorption
is due to the photoelectric effect and the charge released in the substrate
can be very different from that of a charged particle; II) the metal layers
covering the sensor shield completely the light, making it impossible to
study some regions within the detector, that appear as shadows in the scan.
The block diagram if the read-out chain used for laser scans is shown in
Fig. 4.14. The front-end section is exactly the same described for the α/γ
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source setup, but the digitization is made using an oscilloscope instead of
the MCA. The main advantage to use the oscilloscope is related to the
possibility to use the laser trigger during the acquisition. By doing so, the
signals can be averaged over many samples, with a drastic noise suppression.
The oscilloscope used was a Tektronix TDS3052B, with a Matlab software
controlling the automatic positioning of the motors and the acquisition. The
positioning precision is in the order of 1µm and different laser wavelengths
were used to tune the depth of the released charge within the detector.
The additional parts of the setup are the two motors (Thorlabs Z712B)
and related servo motor (Thorlabs TDC001), as well as the translational
stage and the Thorlabs KT112 to couple the fiber to the laser diode. The
optical focus lens is a FFC-8/5-λ and the best resolution achievable is few
micrometers. The laser driver is home made and it provides pulses with a
duration of hundreds picoseconds [126].

4.2.3 Setup for X-ray scan

This setup was used for the measurements with X-rays at the B16 beam
line of the Diamond Light Source (Didcot, UK). The X-ray photon flux had
an energy of 15 keV and the beam size was ∼ 3µm FWHM. In this case the
measurements are performed in a continuous current mode. The detector
current is accurately measured using a Keithley 428 current amplifier while
the detector is exposed to the X-ray beam. The change of the measured
current at each position gives a relative value of the detector efficiency.
A picture of the entire setup is shown in Fig. 4.15, highlighting the main
components that make up the system.

4.2.4 Laboratory tests on Hyde 1 detectors

For Hyde 1 detectors, the functional tests performed in the laboratory of
the University of Trento included α source measurements and laser scans.
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Figure 4.14: Block diagram of the read-out electronics used for laser scan setup

Subsequently, in order to confirm the explanation of some non idealities
observed in the charge collection behaviour, X-ray scans were also made.

Noise characterization

The noise characterization is the first step before making any functional
measurement, which do require a relativity low noise. The system noise is
estimated by measuring the fluctuations of the output signal for a well de-
fined amount of charge fed to the input. The measurements were performed
according to the following steps:

• Injection of charge by using a ceramic capacitor with value 1.83 nF.
The input voltage was a square signal with tens mV of amplitude
generated by using a wave generator (mod. agilent 33220A). The
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Figure 4.15: X-ray scan setup at B16 beam line at Diamond Light Source.

chosen frequency was 100 Hz according to the dynamic transient of
the resistor present in parallel with the feedback capacitor Cf .

• A charge spectrum is obtained at the output of the system, having a
gaussian shape due to the noise.

• the standard deviation σ of the Gaussian function is defined as the
noise.

• this procedure is repeated for different peaking times of the shapers
used (analog and digital) and different bias voltages of the detector.

The observed trends and values do not show significant differences
between the digital and the analog shapers. As expected, the digital
shaper allows to obtain slightly better noise results mainly because the
final MCA stage is embedded in the same shaper board, thus minimizing
the introduction of additional noise. A part from its initial impact on the
depletion depth, which reduces the noise owing to a lower capacitance, the
bias voltage does not significantly change the levels of noise. Figure 4.16
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reports the noise for the digital shaper as a function of the shaping time
and bias voltage. The minimum noise is ∼2 ke− for a shaping time of 2µs
at the maximum bias voltage of 45 V.

Figure 4.16: Noise as a function of shaping time of the digital shaper at different bias
voltages

α source measurements

These measurements are aimed at emulating the detector behaviour when
it is coupled with a converter material, but they can be performed on bare
silicon sensors (without any converter deposition). The converter material,
in fact, would totally stop or at least decelerate most of the α particles,
making more difficult the interpretation of the results. The α particles are
generated from a source of 241Am with a nominal activity of 3 kBq and a
main energy at 5.5 MeV. The setup used is described in section 4.2.1 and
uses the Cremat CSA. The source is leaning on an custom made support
at a distance of about 1 cm from the detector. The measurements were
performed at different bias voltages of the detector and different shaping
times, and having the α particles impinging on either the trench side or the
contact side of the detector. The contact side is in fact not so interesting,
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since its behaviour is expected to be the same as that of a planar detector.
In fact, the detector confirmed to be collecting most of the charge already
at low voltage and for all the shaping times. Very different is the detector
behaviour when the α particles impinge from the trench side: in this case
the amount of collected changes dramatically on dependence of the detector
bias voltage and of the shaping time. Unfortunately, due to the signal
dynamics, the optimum value of the shaping time cannot be used during
the measurements. Only two shaping times were used, namely 4µs and
102µs. Shaping times smaller than 4µs are not useful because the collected
charge is not high enough, whereas 102µs is the maximum shaping time
available in our system. In Fig. 4.17 are reported the α-source spectra using
a 4µs shaping time and different bias voltages. The spectra of the collected
charge are different from the one predicted by theory: note that the amount
of charge expected for α particles travelling in air for 1 cm is approximately
950 ke−. Some events at about this charge value are in fact present in the
spectra (see the relatively flat peak at higher charge in the distribution,
which is almost independent from the voltage). However, most of the events
correspond to a lower charge value, and this trend is more pronounced at
larger bias voltage. At a much longer shaping time of 102µs the detector
behaviour dramatically changes, as can be seen in Figure 4.18: the second
peak disappears and the charge of the remaining peak is approximately the
expected one. However the collected charge slightly decreases as the bias
voltage is increased. The trends of the collected charge as a function of bias
voltage at both short and long shaping times are reported in 4.19.

Laser scan

Laser scans allow to map the detector efficiency at different geometrical
position in the pixel. This analysis was carried out using lasers of different
wavelength, different shaping times, and different bias voltages for the
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Figure 4.17: Alpha spectra for Hyde 1 detectors measured at different bias voltages with a
shaping time of 4µs

detector. The used wavelengths were: 635, 850 and 900 nm. The photon
absorption depth is a function of the wavelength: at 635 nm it is ∼2 µm,
so as to involve only a region close to the surface of the detector. At 850
and 900 nm, the absorption depths are ∼20 and ∼30 µm, respectively, so
as to involve different regions within the detector substrate. However, for
the Hyde 1 devices, measurements performed with laser diodes of different
wavelength did not show significant differences. On the contrary, varying
the shaping time and the bias voltage, it was possible to observe different
behaviours, as it also occured with the α source measurements.

Figure 4.20 shows the laser scan of a portion of a pixel (square area of
200×200 µm2), including part of a trench and the surrounding silicon pillar.
The measurements were performed with laser pulses at a wavelength of 850
nm impinging on the sensor trench side. The shaping time is 4 µs and two
bias voltages are considered, namely 20 V (A) and 45 V (B).

At 20 V, higher signals are measured from the region surrounding the
trenches, as expected, because 850 nm photons are not fully absorbed in
the region beneath the bottom of the trenches that is only 30 µm thick.
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Figure 4.18: Alpha spectra for Hyde 1 detectors measured at different bias voltages with a
shaping time of 102µs

On the contrary, a clear signal inversion can be observed at higher voltage:
while the signal from the trench region remains almost constant, the signal
from the surrounding region is largely reduced. Conversely, in laser scans
performed at 102 µs shaping time (see Fig. 4.21) such a behaviour is not
observed, and the signals measured at 20 V and 45 V are comparable.

Comparing results from the α source measurements and laser scans, and
taking into account the analytical calculation of the probability that α
particles impact on the floor of the trenches, based on the geometry of the
sensor and the details of the experimental setup, it is possible to attribute
the second peak observed in the α spectra to events relevant to the trench
region. Similarly, the first peak in the spectra can be assigned to events
relevant to the separation wall surrounding the trench.

X-ray scan

The experimental setup for X-ray measurements, involving a current-mode
read-out, allows very long shaping times to be emulated. Figure 4.22 shows
the maps of the signals at two different voltages, 10 V and 40 V. A normal
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Figure 4.19: Collected charge as a function of bias voltage measured on Hyde 1 detectors
with α particles at two different shaping times: A) two peaks trend at τ = 4 µs, and B)
single peak trend at τ = 102 µs

Figure 4.20: Laser scan (wavelength 850 nm) from the sensor trench side performed at 4
µs shaping time and at two different voltages: A) 20 V , and B) 45 V.

trend can be observed, with signals increasing with bias in both regions of
the device, i.e., the non-etched active volume around the trench (higher
signals because of larger thickness) and the region beneath the trench (lower
signals), where the narrow via holes can also be distinguished. Hence, the
expected charge collection behaviour can be established in case of very long
shaping times. In this respect, looking at the α spectra results, it appears
that the maximum shaping time available in the laboratory setup, 102µs,
is just enough.
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Figure 4.21: Laser scan (wavelength 900 nm) from the sensor trench side performed at
102 µs shaping time and at two different voltages: A) 20 V , and B) 45 V.

Figure 4.22: X-ray scan from the sensor trench side with current-mode read-out and at
two different voltages: A) 10 V , and B) 40 V.[29]

TCAD simulations

The charge collection dynamics, and in particular the response to α particles,
can be also simulated using the TCAD software. The Ramo’s theorem
predicts that signals can also be induced on neighbour pixels. If all pixels
are short-circuited, that is the case in our devices, this can influence the
observed signals. For this reason, in order to analyse the mutual influence
between the trenches, the simulation domain should ideally include four
quarters of four neighbour cells. The resulting structure would be very large
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and complex, making the computational time a critical issue. A compromise
between the computational time (number of nodes in the structure) and
the accuracy of the results was considered, focusing the analysis on events
relevant to only two quarters of two neighbour cells, as shown in Fig. 4.23a.
In particular, four different hit positions for the α particles from the sensor
trench side were considered, as shown in Fig. 4.23b.

Figure 4.23: A) Simulation domain for α particle simulations; B) Simulated hit positions
of α particles from the trench side of the detector.[27]

The hit points were chosen to simulate all cases of practical interest for
the measurements: the floor of the trenches (pos. 4) and different positions
within the separation wall between trenches (pos. 1-2-3). In fact, positions
1, 2 and 3 yield very similar results, so only those relevant to position 2
will be shown.

The output currents for the two neighbour electrodes and their sum
for position 2 at low voltage (5 V) and high voltage (40 V) are shown in
Fig. 4.24a and 4.24b, respectively. Due to the weighting field and electric
field distributions, the fast components of the individual electrode signals
have similar amplitudes but opposite polarities, so they tend to compensate
one another if they are summed (note that the sum reflects what happens in
a 3D diode, where all cavities are shorted). As a result, the net current has
a much smaller amplitude than the two individual currents. This effect was
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also present in 3D-STC sensors [127], but it is here much more pronounced
due to the large size of the cavities compared to the relatively narrow
columnar electrodes of 3D-STC sensors.

Due to the cancellation of the fast signal components, the main contri-
bution to the collected charge comes from the slower tails characterizing
the net signals. As a result, the charge collection efficiency increases with
the shaping time: it is small at 4 µs but reaches almost 100% at 102 µs.
The compensation effect is further enhanced at higher voltage, because the
fast components of the signals become more important, leading to a charge
collection decrease. This explains the laser scan result and also presence of
two distinct peaks at lower charge values in the α spectra measured at at 4
µs (Fig. 4.17), that instead merge into one peak at higher charge at 102 µs
peaking time (Fig. 4.18).

The situation is quite different for hits in position 4 (i.e., the trench floor),
for which simulations show an almost 100% charge collection efficiency in
all cases (see Fig. 4.23c). Accordingly, events relevant to this region are
always observed at high charge values, regardless of the shaping time and
bias voltage. Since at high shaping time most of the events relevant to
different regions within the device correspond to similar (almost full) charge
collection values, only one broader peak is observed in Fig. 4.18.

Figure 4.24: Simulated currents from two individual electrodes and their sum for α particle
hit position 2 at A) 5 V, and B) 40 V. C) Sum of simulated currents for α particle hit
position 4 at 5 V and 40 V.[27]
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4.2.5 Laboratory tests on planar detectors

α particle tests on planar detectors were also performed in order to check
the charge collection properties and anticipate the behaviour as neutron
detectors. To this purpose, the α setup with Cremat CSA was used and,
after characterizing the noise, a shaping time of 4µs was chosen. The sensors
were tested with α particles impinging on the same side where, afterwards,
the converter material was deposited.

Considering the energy loss in air and in dead layers, that for these
planar detectors had a considerable thickness (600 nm of silicon oxide, 1.3
µm of aluminium, and a ∼1.5µm) deep n+ junction region), from SRIM
simulation it was expected a peak energy for the 241Am of ' 2.7 MeV. The
measured spectra are shown in Fig. 4.25 for two different voltages: 20 V
and 175 V. Only minor differences can be observed between the two spectra,
evidence of the negligible effect of the bias voltage on the charge collection
efficiency once full depletion is achieved. The relatively low energy of the
main peak ('2.6 MeV) can be explained by the energy loss of the α particles
in air ('2 cm) and through the dead layers in the sensor.

Figure 4.25: Energy spectra for a planar sensor exposed to 241Am source at 20 V and 175
V bias [26]
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4.2.6 Laboratory tests on Hyde 2 detectors

For the second generation of our neutron detectors, called Hyde 2, most of
the measurements were performed on the “big diode” detector described in
section 3.3. The measurements are relevant to devices coming from different
wafers, and the deterioration of the charge collection properties due to the
low charge density in the alumina passivation layer is also studied. With
Hyde 2 devices, as described in details in section 4.2.6, it is possible to use
the discrimination setup for the γ suppression. Discrimination results with
different γ sources are also reported.

Noise characterization

The first step, also in this case, was the noise characterization of the system.
Differently from previous tests, this time the Amptek CS was used in place
of the Cremat one. In order to explore a wide range of shaping times,
the noise characterization was made using the digital shaper. The noise,
expressed in ke−, is reported in Fig. 4.26. The minimum noise is ∼2 ke−

for 20 µs of peaking time, but in fact it does not change significantly in the
range 2-20 µs.

α source measurements on devices with a good passivation

The measurements were performed positioning the source at a distance of
∼5 mm from the surface of the sensor. The measurements were repeated
for two different shaping times ( 4µs and 250ns) and different bias voltages.

SRIM simulations predict for the α particles an energy loss in air of 0.519
MeV, so that the residual energy when interacting with silicon is about 5
MeV, corresponding to a total ionization charge of ≈1.4 Me−. The alpha
spectra for the two considered shaping times at 60 V bias is reported in
Fig. 4.27A. The collected charge peaks are significantly different in the two
acquired spectra: in particular, for the 4µs shaping time the peak value
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Figure 4.26: Noise as a function of shaping time of the digital shaper at different bias
voltages

corresponds to full charge collection, that is not the case for the shorter
shaping time. This effect suggests that the signal is not fast enough at the
given bias voltage.

Fig 4.27B shows the collected charge as a function of the bias voltage.
It can be seen that only at around 90 V there is an increase of the signal
speed that allows to observe values corresponding to full charge collection
at both shaping times.

Figure 4.27: A) α spectra for different shaping times at relatively low voltages (60V) B)
Collected charge as a function of bias voltage for different shaping times[27]

The low tail at high charge present in the spectrum acquired at 250ns
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shaping time (highlighted with a green circle in Fig. 4.27A) also suggests
that in this case the signal speed is dependent of the particle hit position.
TCAD simulations were performed in order to explain this behaviour. The
simulation domain considered was the same single 3D pixel shown in section
4.1.1. Simulations were performed with reference to two possible particle
hit positions: at the bottom of the cavities, i.e., close to the edge of the
depletion region, and at the top of silicon regions in between the cavities.
The α particle energy chosen was of 1.47 MeV that is the most probable
energy for the neutron reaction with Boron. The results at different bias
voltages are shown in Fig. 4.28A for particles incoming perpendicularly
into the cavities (position I) and in Fig. 4.28B for particles releasing charge
at the top of regions in between the cavities (position II).

Figure 4.28: A) Output signals for particles hitting in position I (located at the bottom
of the cavities), and B) in position II (at the the top of regions in between the cavities).

As expected from the electric field distributions shown in Fig. 4.11,
it is expected that at 60 V the electric field is small at both considered
hit positions. However, while signals from hits in position II are always
slow, signals from hits in position I can become quite fast as the voltage
is increased, since charge carriers have to diffuse through a portion of non
depleted volume of decreasing depth. As a result, a significant change of the
rise time of the signal can be observed for position I events, and this can
be used to obtain discrimination of γ-rays, as explained in the following.
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α and γ source measurements using γ suppression system

The possibility to modulate to some extent the timing of the signals coming
form α particles by changing the reverse bias of the detector can be useful
for discrimination purposes. In particular, the α-source releases the charge
close the surface of the detector where it is possible to change the electric
field intensity. On the contrary, the absorption of high energy γ-rays is
based on the Compton effect (as described in section 1.1.3) and the release
of charge is random in the entire detector volume.

For a readout based on CSA+shaper, the amplitude of the shaper output
signal is proportional to the integral of the current pulse signal at a given
peaking time. Additional charge due to slower signals causes a distortion
of the shaper signal due to ballistic deficit.

Processing the CSA signal by two shapers with different peaking times
it is possible to distinguish three different cases:

• fast signals: both shaping times are greater than or equal to the
duration of the input signal of of the pre-amplifier: both shaper
outputs are proportional to the total area of the input signal;

• medium speed signals: only one shaping time is longer than the
duration of the input signal of the pre-amplifier: only the longer shaper
output is proportional to the total area of the input signal area, while
the other is affected by ballistic deficit;

• slow signals: both shaping times are shorter than the duration of the
input signal of the pre-amplifier: both signals will be not correlated
to the total area of the input signal, and the shaper with the longer
shaping time will exhibit a higher signal at its output.

Modified alpha setup for Gamma suppression

The setup for the gamma discrimination was conceived to improve the γ
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discrimination for planar detectors. It can be successfully used for Hyde 2
detectors that share most of the features of planar detectors. If the signals
induced cby α particles are slow while those induced by γ-rays are fast (or
vice-versa), they can be distinguished. To this purpose, the general purpose
read-out chain used for the acquisition of α spectra has been modified in
order to discriminate fast signals from slow ones. The schematic diagram
of the system is shown in Fig. 4.29. It consists of a CSA (Amptek A250)
mounted on its evaluation board Amptek PC250) connected to two home
made shaper boards based on Cremat CR-200 shaper. The input of the
shaper circuits has an high impedance and the output of the CSA (adapted
at 50 Ω) can easily drive two shapers. The two shapers used have shaping
times of 4µs and 250ns, that were chosen as a trade-off between the noise
figures and the required signal discrimination properties: the longer one
guarantees a full charge collection for any interaction point, whereas the
shorter one allows a full charge collection only for signals induced by events
occurring far from the sensor surface, i.e., those due to γ-rays. The data
acquisition was done by using a digitizer CAEN (mod. DT5751) with a
bandwidth of 1GHz. The α/γ discrimination based on signal shape analysis
can be problematic from the computational point of view. Therefore, it
was chosen to analyse only the amplitude of the shaped signal and not the
entire shape of the signal, which strongly simplifies the analysis. The data
saved during the acquisition are the amplitudes of both shaper outputs
for each event exceeding the preset threshold. Note that the digitizer has
the same time scale for both the channels: acquiring signals longer than 4
µs would reduce the acquisition speed because of the amount of data that
should be transferred.

A custom software for the acquisition has been developed in Labview
and it allows to save only the maximum of the shapers waveforms. The
discrimination is performed totally offline using the algorithm summarized
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Figure 4.29: Block-diagram of the α/γ discrimination setup.[27]

in Fig. 4.30. It can be seen that the process flow also includes a calibration
of the output of both shaper circuits, that is performed by using an injection
capacitor integrated on the charge pre-amplifier. The data (expressed in
terms of digitizer channel number) contained in the file saved during the
acquisition are converted from channel number to energy using the results
coming from the calibration. This allows results coming from the two
different shapers to be directly compared.

In order to avoid errors coming from the calibration phases, a local
threshold is defined in the comparison of the data. The threshold is
necessary to define a range of values that can be accepted as correlated
signals. A small error of linearization during the calibration or the noise
itself can invalidate results containing useful information. The definition
of the range must be varied from case to case. In fact, an error of a few
hundreds of electrons can be accepted for particles with energy of a few MeV,
whereas for particles of lower energies a narrower range must be defined.
The threshold is dynamically calculated by defining the range of acceptance
as ∓10% of the charge value obtained at the output of the shaper with
shaping time of 4µs. The algorithm compares all the data and excludes all
the results that do not follow the defined rule of signal correlation. The
result obtained as the output of the algorithm is the spectrum for the longer
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shaping time purged by uncorrelated data.

Figure 4.30: The Off line discrimination algorithm [27]

Results obtained with discrimination setup

The validation of the system had the aim to demonstrate that α particles
are not discriminated, while signals induced by γ-rays are suppressed. To
this purpose, in addition to the 241Am source for α particles, several γ
sources were used, i.e., 133Ba, 137Cs, and 60Co.

133Ba emits γ-ray at different energies in a wide spectrum from 53.16
keV to 383.85 keV. The main peaks are at 81, 303 and 356 keV and in
silicon, the photons at this energy are absorbed for Compton effect with
very low probability of interaction.

137Cs and 60Co are also a γ-ray emitter with energy that in the silicon
interact for Compton effect. The main peak for 137Cs 662 keV and for 60Co

the main peaks in the spectrum are at 1.173 1.333 MeV.
Biasing the detector at a voltage lower than 70 V, the γ-source signals

are well discriminated while maintaining negligible the number of discarded
events coming from the α source. Fig. 4.31A summarizes the discrimination
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rate as a function of bias voltage for the different sources used.
A relative discrimination of about 90% is achieved with all the γ-rays

sources. Unfortunately, it was not possible to calculate the absolute gamma
discrimination of the detector because the activity of the sources is not
known. Therefore, yhe reported discrimination rates are to be intended as
a relative improvement (of about an order of magnitude) provided by the
technique here exploited in addition to the intrinsic low detection efficiency
of silicon for high-energy γ-rays.

Figure 4.31: A) Discrimination rate for events from different sources. B) Example
of spectra acquired at 70 V bias composed of α particle and γ-rays with and without
discrimination.[27]

As a further confirmation of the effectiveness of the proposed technique,
Figure 4.31B shows the spectra of γ-rays from 133Ba source before and
after discrimination along with the spectrum of α-particles. The graphs are
referred to a bias voltage of 70 V. In case of α-particles only the spectrum
before discrimination is reported because the differences after discrimination
are not appreciable.

α source measurements on devices with a poor passivation

The passivation of the trench surface is a key factor to obtain good re-
sults from this technology. In the previous section 4.1.3 the electrical
characteristics were shown, where at a voltage of the order of 80-100V,
the current starts to increase. In the functional tests, an increase of the
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current would affect the noise performance of the detector. A solution to
this problem could be the reduction of the bias voltage, but the surface
generation/recombination influences also the charge collection process. The
life time of the radiation induced charge carriers become very short in prox-
imity of the surfaces and this strongly decreases the signals. Figure 4.32A
shows the spectra measured with the α-source at different voltages and with
a shaping time of 4µs. The collected charge is significantly lower than that
of sensors with a well passivated surface. In particular, it is not possible to
clearly distinguish the peaks of 241Am and the spectra appear shifted to
lower energies and heavily distorted. The analogous spectra measured with
a shaping time of 250ns, reported in Fig. 4.32B are further shifted to lower
energies and have a slightly different shape. In this case, the attempt to
use the discrimination setup fails because the discrimination rate for the α
particles is high.

Figure 4.32: α-spectra measured on devices with poor passivation at different voltages
and at two different shaping times: A) τ=4µs, and B) τ=250ns

TCAD simulations were performed on a 2D domain of a section of a
portion of pixel reported in Fig. 4.33 in order to better understand this
behaviour. In the simulation, five points of impact of the α particles
were chosen, parallel to the surface and at different distance from it. The
simulated release of charge was 0.022 pC and was spatially uniform.
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Figure 4.33: Simulation domain with impact points of the α particles.

The simulated charge collection efficiency for the different particle hot
positions as a function of the surface recombination velocity is shown in
Fig. 4.34A. IT can be seen that the charge collection efficiency decreases
with the generation velocity, but to different extents depending on the
particle hit position. This explain the reason why the spectra are very
distorted: for particles that deposit their energy close the surface of the
sensor the efficiency is lower as compared to particles impacting the floor
of the trenches.

Figure 4.34: A) Charge collection efficiency as a function of the surface recombination
velocity for different particle hit positions; B) Current signals at Pos1 for different s0.

Besides the amplitude, also the signal duration is significantly affected.
Fig. 4.34B shows the simulated current signal waveforms for position 1 at
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different s0. An increase of s0 reduces the probability for the generated
charge to survive long enough to leave the damaged area. This effect reduces
the pulse width, and it also prevents the gamma discrimination method to
operate properly.

The reduction of the collected charge involves also another problem: if
the collected charge is below the threshold, it can cause a loss of counts
during the exposure to neutron sources, thus affecting the overall neutron
detection efficiency.

The 241Am α source is not monochromatic and it is difficult to understand
which is the minimum energy deposited in silicon corresponding to a readable
signal. To investigate this problem, a solution was studied which consists
in attenuating the α particle energy by using thin layers of Mylar (and air).
In these experiments the source was placed at a distance of 13.5 mm (air)
and the measurements were repeated adding layers of 5µm of Mylar. SRIM
simulations were performed to estimate the mean of the Gaussian peak
after the passage through the different layers. The data are summarized in
Table 4.2.

Layer Residual energy [MeV]
no layer - 5.5

Air 13.5 mm 4.24
M 5 µm 3.55
y 10 µm 2.75
l 15 µm 1.79
a 20 µm 0.54
r 25 µm 0.09

Table 4.2: Residual energy for an alpha particle traveling through different layers of
air/Mylar

The combination of air and 10 µm of Mylar gives an α particle residual
energy that is the most similar to the one relevant to the neutron/boron re-
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action. The spectra measured with different layers is reported in Fig. 4.35A.
It can be seen that the peak in the collected charge strongly decreases as
the Mylar thickness is increased.

Figure 4.35: A) α particle spectra measured with different layers of air and Mylar. B)
Occurrence rate as a function of the Mylar thickness.

The occurrence rate decreases when the energy absorbed by the Mylar
layers becomes more relevant. This is related to two different factors: I) low
α particle energy are stopped in the Mylar layers, and II) the detector is
not able to collect all the charge and the signal does not reach the threshold.
In conclusion, the poor passivation of the trenches is a serious problem that
can significantly affect the neutron detection efficiency.
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Neutron results of neutron detectors

The hybrid neutron detectors were tested at different facilities with fast and
thermal neutrons. Preliminary tests with fast neutrons were performed using
the Van de Graaff “CN” accelerator at INFN-LNL laboratories (Legnaro,
Italy). Protons with an energy of 4 MeV impact a LiF target that generates
neutrons with energy of 2.3 MeV (7Li(p, n)7Be). The flux, at a distance of
60 cm from the detector, is about 100 neutrons cm−2 s−1. Additional tests
with fast neutrons were performed at the U-120M Isochronous Cyclotron
in Rez (Czech Republic). The neutron energy spectrum, as produced in
the reaction 2H− on a thick Be target, was in the wide range 4-12 MeV.
In this case the flux is much higher compared to the CN accelerator and
corresponds to 106 neutrons cm−2 s−1. This difference in the flux is the
key reason for the largely different timespan of each measurement and the
accumulated statistics: one hour in the first case and only 20 minutes at
the U-120M line.

Different thermal neutron sources were used for the slow neutrons tests.
The first test was performed at a collimated beam of the LVC-15 research

113
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nuclear reactor in Rez (Czech Republic) with an estimated flux of 1.5× 107

neutrons cm−2 s−1. A second series of measurements was performed in
a beam line of the TRIGA reactor at Joz̆ef Stefan Institute in Ljubljana
(Slovenia). The flux was about 1× 106 neutrons cm−2 s−1. Further tests
with thermal neutrons were performed at Politecnico di Milano (Italy) with
a moderated neutron source yielding a thermal flux of about 400 neutrons
cm−2 s−1. In this case the gamma background is fully suppressed.

5.1 Neutron measurements on Hyde 1 devices

5.1.1 Fast neutrons

The first test with fast neutrons had the purpose to check if the reaction
products of the polysiloxane converter (protons) can be detected by the
silicon sensor. The measurement setup is described in section 4.2.1. During
the test, performed at “CN” accelerator, a Hyde 1 geometry filled with
polysiloxane was exposed to the neutron flux. The resulting spectrum is
reported in Fig. 5.1 along with the spectrum obtained with a calibration
source of 60Co on a bare silicon detector. In fact, the γ background
emitted from the source and present in the environment during the fast
neutron measurement were very similar. At low energy the two spectra are
indistinguishable, while from ∼ 0.25 MeV they start to deviate, with the
detector tested under a neutron flux showing a higher number of counts,
that can therefore be attributed to scattered protons from the polysiloxane.
However, the small detection volume and the non-optimized sensor geometry
do not allow to obtain a statistically significant number of counts.

At a later stage, additional tests were performed at the U-120M Cyclotron
in Rez, where the much higher flux allows to collect a large number of
events in a relatively short time. Four different samples were tested:

• a bare silicon detector (without a converter) used as reference
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Figure 5.1: Energy spectra obtained from the first test with fast neutrons and the detector
calibration with a γ-ray source of 60Co.[25]

• two samples filled with polysiloxane (PDMS)

• a sample filled with PDMS mixed with a concentration of 10% of
o-carborane

Figure 5.2 reports the measured spectra: the difference between the
empty detector and those filled with converter materials is evident. The
empty sensor is only sensitive to the γ-ray background, and the related
spectrum is clearly different from the others, thus proving the effectiveness
of PDMS as fast neutron converter, although with a very low efficiency
due to the very small detection volumes involved. The shoulder at around
230 channels, visible in all the filled sensors, corresponds to the highest
detectable energy for the recoil protons, which, according to SRIM simula-
tions, corresponds to a value of 5.5 MeV. The reverse bias of 10 V at 4µs
shaping time does not allow a complete charge collection, and this could
affect the position of the spectral end point which occurs at lower energies
than the expected ones. It is noteworthy that the presence of o-carborane,
added with the purpose of reacting with thermal neutrons, does not affect
the performance with fast neutrons.
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Figure 5.2: Fast neutron spectra obtained with different types of converter material [30]

5.1.2 Thermal neutrons

The first tests with thermal neutron on Hyde 1 devices were performed at
LVR-15 research reactor in Rez. During the measurements the neutron flux
was monitored by a monitor detector and its value was used to normalize
the spectra, although, unfortunately, the reference detector gives only a
relative information on the flux. The tested detectors/converter were three:

• a bare silicon detector (without a converter) used as reference

• a detector filled with PDMS with 30% weight concentration of metallic
10B

• a detector filled with 6LiF

The detectors was tested with the neutron flux impinging from the trench
side.

Figure 5.3 shows the resulting spectra, The bias voltage was 10 V for
the detector with 6LiF and the bare silicon sensor. On the contrary, the
bias voltage had to be fixed at only 3 V in the other detector, because
the filling with PDMS enriched with 10B damaged the trenches, causing a



117 5.1. Neutron measurements on Hyde 1 devices

sensible increase of the leakage current. Of course, besides the intrinsically
low efficiency of the device, the very low bias voltage limits the charge
collection efficiency.

Figure 5.3: Thermal neutron spectra collected at REZ for different sensor/converter
combinations [30]

However, a clear difference is visible between the empty and the filled
sensors, even for the damaged one. As expected, the sensor filled with 6LiF

powder proved to be the most efficient one, allowing also to distinguish the
alpha peak at 2.05 MeV and the tritium one at 2.73 MeV (more clearly
visible in the linear scale inset of Fig. 5.3). Using these values for a rough
conversion of the number of channels to energy, it was also possible to
attribute the shoulder observed in the PDMS spectrum around Channel 60
to the α particles emitted by 10B (∼ 1.47 MeV).

Further tests under a thermal neutron flux were performed at the TRIGA
reactor at Joz̆ef Stefan Institute in Ljubljana. Four detectors were tested:

• a bare silicon detector (without a converter) used as reference

• the same detector filled with 6LiF used at REZ (as a second reference)

• a detector sputtered with 500 nm 10B
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• a detector sputtered with 500 nm 10B4C

The neutron flux was impinging perpendicularly to the trench side. The
energy spectra measured at a reverse bias of 10 V are reported in Fig. 5.4.
The two spectra of the samples with 10B4C and 10B converter clearly show
the two main energy peaks for the boron-neutron reactions (α at 1.47MeV

and α at 1.78MeV ), and are in fact very similar to those obtained from
planar detectors measured at the same facility (see section 5.2.

Figure 5.4: Thermal neutron spectra collected at JSI for different sensor/converter combi-
nations [26]

Moreover, the count rates of 3D and planar detectors, after normalizing
to the sensor active area, are almost the same. This suggests that the walls
of the trenches in 3D sensors were not covered by the sputtered converter:
as a result, the only regions contributing to neutron detection are the
surface regions in between the trench openings and beneath the floors of
the trenches, making 3D sensors behave very similarly to planar ones. The
relative efficiency for the detector filled with 6LiF powder converter is much
larger. In this case, the shape of this distribution shown in Fig. 5.4 can
be attributed to the complete filling of the cavities with the 6LiF powder:
while this ensures that the vertical walls of the cavities here contribute to
the neutron absorption (hence the larger number of counts compared to
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the boron based sputtered converters), it flattens the energy distribution
since particles generated at different distances from the surface of the
cavities release randomly very different energies within the silicon volume.
Moreover, this also makes the detection efficiency lower than the maximum
theoretical value of 6LiF since most neutrons are absorbed in the converter
at a distance too large from the silicon volume.

Recently, another measurement on the 6LiF -filled Hyde 1 detector was
performed at Politecnico di Milano using a moderated neutron source. In
this case the gamma background is suppressed and the neutron flux is
well known. The estimated efficiency with neutrons impinging from the
contact side is ∼ 3.69% by setting a threshold of 111.6 keV and a using
a reverse bias of 10 V. This result, while being comparable to the upper
limit achieved with planar detectors in the literature, is much less than
the one simulated with Geant4 for the considered Hyde 1 geometry. This
is due to several reasons: I) The density of 6LiF deposited in the form of
powder is much less than the one tabulated in Geant3 for the material; II)
the detector charge collection process is not very efficient at 10 V, III) the
simulation does not take account the dead layer present in the detector.

5.2 Neutron measurements on planar detectors

Functional tests on planar sensors were performed with thermal neutrons at
the TRIGA reactor of the Jožef Stefan Institute. The test setup used has
been the same as previously described for the α source. For the important
role they play in absorbing part of the energy of the reaction products,
the dead layers in the sensors should be mentioned. The active area of
the planar sensors is covered by 600 nm of silicon oxide and 1.3 µm of
aluminium. The n+ regions were obtained by thermal diffusion, so that the
junctions are relatively deep ( 1.5µm). SRIM simulations were performed
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to estimate the energy loss through these dead layers. As an example, for
the 1.47 MeV α particle resulting from the main boron-neutron reaction,
the energy released in the silicon active volume is 0.62 MeV. In order to
convert the measured spectra from MCA channel units to particle energy a
calibration was performed by injecting known amounts of charge through a
test capacitor. Owing to the good agreement between the measurements
with α source and SRIM simulations, the latter have been used to further
improve the calibration of the energy spectra by taking into account the
energy loss in the dead layers. Note that this correction shifts all values
(including the thresholds) to higher energies. The energy spectra measured
at a reverse bias of 175 V are shown in figure 5.5. The two main energy
peaks for the boron-neutron reactions (α at 1.47MeV and α at 1.78MeV )
are clearly visible from all samples having a converter. On the contrary,
the reference sensor only shows the γ-ray background. For sensors with
a converter the γ-ray background is high enough to completely mask the
energy peaks associated to the 7Li product of reaction and it prevents the
estimation of the neutron detection efficiency.

Figure 5.5: Thermal neutron energy spectra measured from planar sensors with different
converters at 175 V bias voltage [26]
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5.3 Neutron measurements on Hyde 2 devices

Thermal neutron test on Hyde 2 devices were performed at Politecnico di
Milano by using a moderated alpha-beryllium neutron source. The thermal
neutron flux, at the position where the detector was measured, was of 400
neutrons cm−2 s−1. The gamma background was totally suppressed by lead
bricks in the moderator layers. The exposure time for each detector was 60
min, with the neutron flux impinging on the detectors from the non-trenched
side (junction side). The measured devices were three Hyde 2 detector with
different geometries: the trench dimensions were 2.8, 3, and 4.5 µm and the
separation wall dimensions were 1.1, 1.5 and 2 µm (devices ID 2.8-1.1, 3-1.5,
4.5-2). All the tested samples had a poor Al2O3 passivation due to the low
fixed charge density, as previously described. The test setup used was the
same as previously described for the gamma discrimination. However, as it
was not necessary to discriminate the background gamma sources, only the
output of the 4 µs shaper was considered.

Figure 5.6: Thermal neutron energy spectra collected with Hyde 2 sensors of different
geometries filled with 10B

Figure 5.6 shows the energy spectra measured at a reverse bias of 70 V.
This voltage value was chosen because it ensures the full charge collection
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for the selected shaping time while maintaining the leakage current low.
The two main peaks for the boron-neutron reaction (α at 1.48MeV and α

at 1.78MeV ) are not distinguishable in the spectra, which drop to negligible
number of counts (in particular for the sensors with geometries 2.8-1.1 and
4.5-2) at an energy lower than the first expected α energy peak. The neutron
detection efficiency is strongly affected by the high surface recombination,
as anticipated by the laboratory results with α particles. Depending on
the hit point of the reaction products, the collected charge will be more
or less curtailed, with high risk to miss the relative events. In particular,
the particles at lower energies are affected by two concurrent effects: I) the
lower starting energy increases the probability not to reach the threshold; II)
the short particle range increases the rate of recombination by the surface
defects.

Table 5.1 reports the measured neutron detection efficiency, compared
to the simulated one.

Sample Measured efficiency [%] Simulated efficiency [%]
2.8-1.1 2.01 31.34
3-1.5 4.00 26.83
4.5-2 2.99 23.37

Table 5.1: Measured and simulated neutron detectiorn efficiency for different sensor
geometries

The non homogeneous distribution of the Al2O3 fixed charge density is
likely the reason for the more efficient behaviour of the device with geometry
3-1.5, for which, although the theoretical energy peaks are not visible, the
spectrum reaches a higher energy compared to the other samples. Probably
the passivation is here better and the collected charge efficiency is therefore
slightly higher.

Three samples with a much better Al2O3 passivation were received from
LLNL after boron filling. In this case the boron thickness deposition was of
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∼ 500 nm on devices where the trenches dimensions was 4.5 µm and the
separation walls dimensions was 2.5 µm (devices ID 4.5-2.5).

All three samples had a fairly good Al2O3 passivation with fixed charge
density able to switch off the surface effect during the IV measurements, as
previously described.

During this test only the shaper of 4 µs was considered because of the
low background gamma-ray despite is expected a proper operation by using
the discrimination setup.

Figure 5.7: Thermal neutron energy spectra collected with Hyde 2 sensors fairly good
passivated 10B

Figure 5.7 shows the energy spectra measured at a reverse bias of 70 V
as in the previous case.

Although also in this case the two main peaks of the boron-neutron
reaction are not clearly distinguishable, there is a single peak at an energy
in the range 1-1.8 MeV. The spectra obtained from the two device is slightly
different. In particular the results of the sample 2 (green line in figure 5.7)
is shifted at lower energy compared the spectrum obtained with the sample
1. This behaviors is given by a worse quality of the deposited alumina: the
current measured in the I-V curve was slightly higher (consequently the
noise is also slightly higher) and the collected charge is affected by the high
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surface recombination.
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3D detector for HL-LHC phase II upgrade

Since the early 1980s, when the first planar detectors were fabricated by
using the microelectronics process developed by Joseph Kemmer [128],
silicon detectors have become of common use for tracking in particle physics.
The standardized microelectronics processes allow to have large production
volumes as required for big experiments, as, for example, the Large Hadron
Collider (LHC) at CERN. The research was very active in this field, and
starting from planar sensors, different geometries and new architectures were
developed. Among recent developments are the Monolithic Active Pixel
Sensors (MAPS) which are fabricated using standard CMOS technologies
developed for microprocessors [129].

At LHC, it is foreseen to go for a Phase 2 upgrade bringing the luminosity
up to 7× 1034 cm−2s−1 with a targeted total integrated luminosity of 3000
fb−1 [130]. Such a scenario is extremely challenging for detectors, in
particular in terms of radiation hardness. Different options, including
geometrical modifications as well as materials other from silicon (e.g.,
diamond [131]) are currently under study.
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6.1 State of the art of 3D detectors

A type of silicon sensor with high radiation hardness properties is the 3D
architecture. As anticipated in 2.2.5 it was proposed in 1997 by S. Parker
and his collaborators in Stanford. The geometry is shown in figure 6.1: the
electrodes penetrate in the substrate perpendicularly to the surface.

Figure 6.1: Sketch of a 3D detector: the electrodes penetrate through the entire substrate
[31]

Differently from planar sensors, in 3D sensors it is possible to decouple the
amount of radiation induced charge (proportional to the sensor thickness)
from the charge collection path (defined by the layout and depending on the
inter-electrode distance [132]). In 3D sensors, the inter-electrode distance
can be made much shorter than the substrate thicness: this allows for lower
depletion voltages and short charge collection time.

The main, obvious drawback for this approach is the technological com-
plexity. It is indeed not possible to use a CMOS process because several
non standard steps like DRIE are required. For this reason, 3D sensors
made in Stanford could not progress beyond the level of prototypes, and
the process was transferred to Sintef in order to address a possible mass
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production. Starting from the early 2000’s, several simplified approaches
were proposed by different research groups in order to mitigate this problem.
The first alternative 3D concepts were developed by FBK[133], Valtion
Teknillinen Tutkimuskeskus (VTT) [134] and Brookhaven National Labo-
ratories (BNL)[135]. In those cases ”semi-3D” detectors, halfway between
planar and 3D, were considered: only columns of one doping type (i.e.,
junction columns) were etched on one side of the sensor, whereas the bias
electrode was maintained planar, on the back side for FBK and VTT, on
the front side for BNL. Figure 6.2B and 6.2C sketches the two described
developments known as Single Type Column (STC) technology, in com-
parison to the full 3D technology of 6.2A. The STC approach of course
largely reduces the complexity because only a DRIE step is necessary and
no support wafer is required.

Figure 6.2: A) Original full 3D architecture, B) 3D-STC proposed by FBK and VTT, C)
3D-STC proposed by BNL, D) 3D-DDTC from FBK, 3D-DDTC from CNM, F) 3D-SDTC
from BNL [32]

On the other hand, the 3D-STC structures are intrinsically not suitable
to achieve a good radiation hardness, and should mainly be intended as a
test vehicle to develop the critical steps in the technology [136]. The next
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step was the realization of detectors with both type of columns etched in
the substrate, although still without a support wafer. These 3D detectors
are known as Double Side Double Type Column (3D-DDTC) and were
independently developed by FBK [137] and CNM [138]. Their structures
are shown in Fig. 6.2D and 6.2E. In both these 3D- DDTC geometries, the
columns of different doping type are etched from a different side, and are
not passing-through. The main difference between the two approaches is
related to the method used for the surface isolation between n-columns
(that is p-spray for FBK and p-stop for CNM), and to the column depth.
It is worth noting that the alternative solution of ething both column types
from the same side (see 6.2F), proposed by BNL, is not really convenient
and did not lead to any result.

At FBK, initially, the uncertainty in the etching depth of columns did
not allow to obtain a uniform behaviour of the sensors between different
productions. In order to avoid this problem, the evolution of the process was
to etch electrodes that are passing through all the substrate [139][140][33].
The cross section of the devices is shown in Fig. 6.3. This technology
(3D-DDTC+) was used at FBK for the production of the 3D pixel sensors
for the ATLAS Insertable B-Layer (IBL). The most important features of
this technology are:

• the process is double sided: the columns are etched from both sides.

• there is no poly silicon filling of the columns after the etching

• no support wafer is required

• the p-spray layer used for the the n-type electrode isolation is present
on both sides because the columns are passing through

• all n-columns are accessible from one side and all p-columns from the
opposite side: this eases the connection with the front-end chip and



129 6.1. State of the art of 3D detectors

the application of the bias from the opposite side.

Figure 6.3: Sketch of the cross section for a 3D-DDTC with passing through columns [33]

The charge collection behaviour of these sensors was very good. After
irradiation at the IBL benchmark fluence of 5 × 1015 neq/cm

2, the hit
efficiency measured in beam tests at 160 V bias and 15◦ particle track
inclination angle is larger than 98% with a power dissipation lower than
20 mW cm−2 at a temperature of -15C. However, the breakdown voltage
of these sensors was a concern. Typical values before irradiation were
in the range from 35 V to 65 V [141]. The collection of charge before
irradiation was almost at 100% already at a few Volts. After irradiation
there is a strong increase in the breakdown voltage, because of the higher
concentration of positive oxide charge, but it is sometimes not enough to
allow for optimum charge collection. Figure 6.4 shows the collected charge
for different fluences. Data refer to IBL pixel sensors couple to the FEI4
read-out chip. At the highest fluence of 5×1015 neq/cm

2 the collected charge
does not reach saturation before the onset of breakdown. Simulations, also
shown in Fig. 6.4, fit very well the measurements before irradiation and at
the lowest fluence of 2× 1015 neq/cm

2, but deviate from the experimental
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data at the highest fluence. This is related to the radiation damage model
adopted which is not optimized for this high irradiation levels [142].

Figure 6.4: Collected charge as a function of bias voltage, measured for selected non
irradiated and irradiated 3D-DDTC+ sensors exposed to a 90Sr source. Simulated data
are also shown.

In order to increase the breakdown voltage, after an in depth study
carried out with TCAD simulations, it was decided to stop the etching
of the n+ columns at ∼ 25 µm from the opposite side. This was possible
thanks to the much more reproducible DRIE recipes developed at FBK
meantime [143]. A considerable breakdown voltage increase was obtained
before and after irradiation [141].

6.2 Latest 3D developments

In order to cope with the challenging demands from the application at
the High Luminosity LHC, a new generation of 3D sensors had to be
developed. The new detector features are: I) increased granularity (25×100
or 50 × 50 µm2 (in the old technology the pixel size was 250 × 50 µm2),
II) shorted inter-electrode distance, III) reduced thickness (∼ 100 µm),
IV) lower material budget, and V) better geometrical efficiency. These
requirements called for a new, single side technology development at FBK.
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A sketch of the cross section is shown in Fig. 6.5. A first batch of these
detectors was designed at the University of Trento and fabricated at FBK
on Silicon–Silicon Direct Wafer Bonded (SiSi DWB) with a diameter of 6
inches. The substrate is a p- Float Zone High-Resistivity directly bonded
to a p+ Low-Resistivity handle wafer of a nominal thickness of 100 or 130
µm.

The n columns are insulated by a p-spray layer and they are not etched
by DRIE all the way through the substrate, but stop at 15 µm from the
handle wafer. This choice is based on the previously mentioned studies
aimed at an improvement of the breakdown voltage. In the fabrication
process both types of columns are etched from the front side of the wafer
and are partially filled with poly silicon.

Figure 6.5: Schematic cross-section of the proposed thin 3D sensors on SiSi DWB substrate
[34]

6.2.1 Electrical measurements and TCAD simulations

I-V and C-V measurements were performed and compared with TCAD
simulations. 3D diodes with different geometries and layout (e.g., with
and without a guard ring) were tested at room temperature using a probe
station. The leakage current at full depletion, normalized to the number of
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columns shorted in the diode, was very good, in the range 0.3 - 3 pA. The
relatively large non uniformity was attributed to the quality of the active
layer material in terms of lifetime [34]. Relatively high breakdown voltage
in the range of ∼ 150 V was also measured. The depletion voltage, derived
from the C-V curves, was of few Volts for these sensors. The capacitance,
normalized to the number of columns, was in the order of ∼ 50 fF per
column with a small difference (a few fF) for the two thicknesses.

In TCAD simulations, the minimal domain taking advantage of the
geometric topology is: 1/4 for the pixel with dimension 50× 50 µm2 and
1/8 for the geometry 25 × 100 µm2. The poly silicon was replaced with
pure silicon with a constant doping and the metals were replaced by the
contacts. Figure 6.6 shows the domain of a simulated pixel.

Figure 6.6: Three-dimensional simulation domain of a 3D pixel cell

The simulation results are in very good agreement with the measured
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ones. In particular the C-V curves shown in Fig. 6.7A are in excellent
agreement with the normalized measured values. The simulated I-V curves,
shown in Fig. 6.7B, are also in good agreement compared to the normalized
measured values both in terms of leakage current and of breakdown voltage.
There is in fact a difference in the current slope, that depends on interface
states, so far not included in the simulation model.

Figure 6.7: Simulated and measured A) C-V curves, and B) I-V curves[35]. All values are
normalized to a single column.

6.2.2 Functional Measurements

Functional tests before and after irradiation were performed by using a laser
source. The measurements were focused on the most interesting geometry
(50 × 50 µm2) because of the lower capacitance as compared to the 25 ×
100 µm2 (2E).

Edge measurements

Slim edge detectors based on multiple ohmic columns were developed
for IBL (∼200 µm) [143]. Reducing the inter-electrode spacing allows to
achieve even slimmer edges of the order of ∼100 µm. These designs were
implemented in all 3D diodes. Figure 6.8(1) shows a detail of the diode
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layout corresponding to the region scanned with the laser (wavelength
λ=1064 nm), having an area of ∼200×200 µm2. The measured signal is
shown in Fig. 6.8(3) and compared to the simulated map of the electric field
shown in Fig. 6.8(2). A high signal indicates that a non negligible electric
field is present, so it can be used to estimate the extension of the depleted
volume, that is less than 100 µm at 70 V bias. A very good agreement if
found between the simulation and the measurements.

Figure 6.8: 1) Layout of the scanned area, 2) Electrical field simulation, 3) Laser scan at
70 V

Laser scan on irradiated sample

After irradiation the measurements are more difficult for several reasons:
the leakage current increase introduces more noise, and the signal becomes
smaller. Low temperature operation and storing is necessary to avoiding
reverse annealing effects as well as to reduce the current. The measurements
were again focused on the geometry 50 × 50 µm2 after irradiation with
neutrons at JSI Lubiana [144] at a fluence of 5× 1015 neq/cm

2.
In order to estimate the efficiency the measurement was performed also

in a non irradiated sample, in order to have a reference to calculate the
charge collection efficiency of the irradiated sample. Keeping the setup and
the laser power unchanged, the measurement was repeated for irradiated
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sample. The setup was not stable, with temperature oscillations between
-10 and -15C, and high umidity. After several tests and handlings, the
sample had a breakdown voltage of only 62 V. The temperature was not
very stable and oscillated between -10 and -15 C.

Figure 6.9 shows the layout of the region of interest, and the relative
efficiency for the laser scan performed at 25, 50 and 60 V. At the maximum
possible voltage, the efficiency is quite uniform in the diode volume with a
value of about 45%.

Figure 6.9: Diode layout and laser scan results at different voltages on a sample irradiated
at 5× 1015 neq/cm

2.

6.2.3 Functional TCAD simulations

TCAD simulations were performed in order to predict the charge collection
efficiency after irradiation for the new, small pitch pixel geometries. The first



3D detector for HL-LHC phase II upgrade 136

radiation damage model considered, usually referred as “Perugia” model, is
a three-level trap model [2]. It is a recent evolution from a previous model
that was limited to a maximum fluence of 1× 1015 neq/cm

2 [145]. In Table
6.1 and 6.2 the details of the trap levels in the model are summarized.

Type Energy [eV] σe cm
−2 σh cm

−2 η cm−1

Acceptor Ec-0.42 1× 10−15 1× 10−14 1.613 × F
Acceptor Ec-0.46 7× 10−15 7× 10−14 0.9 × F

Donor Ev+0.36 3.23× 10−13 3.23× 10−14 0.9 × F

Table 6.1: P-type radiation model up to 7× 1015 neq/cm
−2 [2]

Type Energy [eV] σe cm
−2 σh cm

−2 η cm−1

Acceptor Ec-0.42 1× 10−15 1× 10−14 1.613 × F
Acceptor Ec-0.46 3× 10−15 3× 10−14 0.9 × F

Donor Ev+0.36 3.23× 10−13 3.23× 10−14 0.9 × F

Table 6.2: P-type radiation model from 7× 1015 neq/cm
−2 to 1.5× 1016 neq/cm

−2 [2]

The first set of simulations was performed at room temperature (T=300
K) for both the 25× 100 and the 50× 50 µm2 geometries. The simulation
domain was a two dimensional slice of the pixel. TCAD Monte Carlo
simulations are not feasible because of the huge computational time. Thus,
simulations considered the hit of a minimum ionizing particle at different
points uniformly distributed within the 3D pixel cells. The simulation
domain and hits points are shown in Fig. 6.10A for the 50× 50 µm2 pixel
and in Fig. 6.10A for the 25× 100 µm2 pixel. On the background of both
figures is shown the weighting field.

The averaged signal efficiency at different fluences, calculated as the
ratio of charge released in silicon and the related collected charge, is shown
in Fig. 6.11A for the geometry 50× 50 and in Fig. 6.11A for the geometry
25 × 100. The smaller electrode inter-distance in the latter makes the
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Figure 6.10: 2D simulation domain and m.i.p hit points for the a) 50× 50 and B 50× 50
pixels. The weighting field is shown on the background.

signal efficiency higher for this geometry. In any case, it is possible to note
that the efficiency is very good in absolute terms in both geometries and
at about 100 V saturation is reached also at very high fluences in most
cases. Only in the 50× 50 pixel at the largest fluence of 2× 1016 neq/cm

−2

there is a saturation at higher voltage (around 200 V). Before irradiation,
as previously shown, the breakdown is in the range of 160 V and, from
simulation and preliminary results, the breakdown votage of irradiated
device will exceed these values.



3D detector for HL-LHC phase II upgrade 138

Figure 6.11: Simulated average charge collection efficiency for A) 50× 50 geometry and B)
25× 100 geometry at different fluences.

Considering the signal efficiency at each particle hit point it is possible
to observe that there are points with a particular behaviour: the efficiency
is very low at low voltage, and then it suddenly increases with a ”threshold”
behaviour, finally reaching values much higher than the average. These
points are all placed close to the p-column. An example of this behaviour
is shown in Fig. 6.12 which is referred to the geometry 50× 50 at a fluence
of 2× 1016 neq/cm

−2: the line in the graph labelled as ”pos1” corresponds
to the hit point closest tothe p-column. The same effect can be observed
also for the other geometry and increases with the fluence.

An increase of the charge collection efficiency is in fact expected for the
region close to the p-column when, at large voltage, it starts to be depleted,
but it is difficult to understand why it reaches so high values. In order
to investigate in detail this behaviour, a software model implementing the
Ramo’s theorem was developed. From TCAD simulations it is possible to
extract the data for:

• electric field: is is used to calculate the path of the moving charge (it
follows the electric field streamlines )

• the vector of velocity for electrons and holes
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Figure 6.12: Signal efficiency for different hit points in the geometry 50× 50 at a fluence
of 2× 10−16 neq/cm

−2

• the weighting field: it is obtained by replacing the silicon substrate
with a dielectric (SiO2) and applying a voltage of 1 V to the read-out
electrode (n+)

The first operation, implemented with a Matlab code, is to interpolate
the simulated data from the TCAD irregular grid to a regular grid of fixed
pitches. From the streamlines it is possible to find the particle velocity
along its path. Knowing the path and velocity it is possible to calculate the
timing of the charge carriers. The amplitude of the signal can be extracted
directly from the Ramo’s theorem. Due to this information it is possible to
find the induced current versus the time. Charge trapping is considered by
using a high recombination rate, as expressed by the formula 6.1:

Q(t) = Q0e
− t
τ (6.1)

where τ is the trapping time that can be extracted from the simulation
model.

In particular τ was calculated by using the equation 6.2 [146].
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1
τe,h

=
∑
t
Nt(1− P e,h

t )σe,hvthe,h (6.2)

where Nt is the concentration of the traps, P e,h
t is the trap occupancy

probability, that can be calculated using the Fermi distribution, σe,h are
the capture cross-sections of the traps for electrons and holes, and vthe,h are
the thermal velocities for electrons and holes. Using these parameters it
was possible to extract the trapping times for electrons and holes that, for
a fluence of 2× 1016 neq/cm

−2 at 300 K, are equal to τe=1.23× 10−9 s and
τh=1.54× 10−10 s, respectively. A cross check between the charge collection
efficiency calculated by applying the Ramo’s theorem algorithm and the
TCAD simulation was performed, finding a very good agreement. As an
example, two different simulated hitting points are shown: i) in the pixel
middle fig. 6.13A and II) close the n column.

Figure 6.13: Charge collection efficiency comparison between TCAD and Ramo Theory
simulation for A)in the pixel middle B) close the n column.

The explanation of the different charge collection trends with voltage is
the following: for hit points close to the read-out electrode, signals increase
already at low voltage since the weighting field is high, depletion is obtained
soon, and trapping of electrons is very small. Therefore, the electron
contribution to the signal is achieved soon with minor losses, whereas no
contribution from holes is possible due to trapping. Conversely, for hit
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points close to the ohmic electrode, like for point ”pos 1”, signals increase
only at the larger voltages necessary for the depletion region to reach these
points far from the readout electrode, and can reach higher values because
of a concurrent hole-electron contribution. In between these extreme cases
lie all the other hit points where different balances between electron and
hole contributions to the signal are reached.

The simulation with the Ramo’s based software are very fast if compared
with the TCAD simulations and for this reason it is possible to have a full
map of the pixel. In order to compare the data with laser scans performed in
our laboratory on irradiated samples, it was decided to focus on the 5×1015

neq/cm
−2 fluence, that was the only one available experimentally. In this

case the simulation domain was extended to 9 pixels for two reason: I) it is
possible simulate points close the edge of the pixels II) it is possible consider
the charge sharing with the neighbour pixel. In this case the simulation
temperature was of 253 K. The calculated trapping times for this fluence and
temperature were, according to the correction of the thermal velocity made
by the simulator and the changed Fermi statistics, τe = 1.55 × 10−9s for
electrons and τh = 6.27×10−10 s for holes. The effects on the signal deriving
from the diode configuration, where different read-out electrodes involved
are shorted, can be taken into account by calculating the corresponding
weighting field distribution.

Figure 6.14 shows the charge collection efficiency maps for four different
voltages: 10, 20, 50 and 60 V. Comparing the measured and the simulated
plots it is possible to see an important difference. The simulation overesti-
mates the efficiency and anticipates the volume full depletion. The charge
collection trend simulated at 10 V is similar to the one measured at 25 V.
Further measurements must be performed in order to better understand
if the model works correctly at higher fluences and for irradiations with
different particles (e.g., protons).
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Figure 6.14: Simulated maps of charge collection efficiency for a detector of geometry
50× 50 irradiated at a fluence of 5× 1015 neq/cm

−2 and at different voltages.

Comparing the trapping times calculated from the model with the ones
extracted from existing measurements reported in literature (which, however,
are limited to a maximum fluence of 3×1015 cm−2) there is a discrepancy on
the values. The effective trapping probabilities can be calculated as 1/τeffe,h
=βe,h(t, T ) · Φeq where βe,h depends on the time elapsed after irradiation
and the measurement temperature.

Table 6.3 reports the values of effective trapping times damage constants
from [3].

The effective trapping times calculated from Table 6.3 are almost the
same for electrons and holes: τe = 0.571 × 10−9 s for the electrons and
τh = 0.426×10−9 s for the holes. This suggests the radiation damage model
should be modified to improve the agreement with the measurements.
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tmin, T = −10C βh [10−16 cm−2/ns] βn [10−16 cm−2/ns]
Reactor neutrons 4.7±1 3.5±0.6

fast charged hadrons 6.6±1 5.3±0.5

Table 6.3: Trapping time damage constants for silicon detectors irradiated with neutrons
and fast charged hadrons [3]
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Conclusions and Future Perspectives

This work described the development and characterization of 3D hybrid
detectors for thermal and fast neutrons. This activity was carried out
within a collaboration of the University of Trento with the INFN Laboratori
Nazionali di Legnaro (LNL , in the framework of the HYDE project (HYbrid
DEtectors for neutrons), funded by the CSN5 of INFN. The technological
partner in this project was Fondazione Bruno Kessler (FBK) owing to
the expertise and manufacturing skills acquired in the fabrication of 3D
detectors for the ATLAS IBL project.

Two batches of neutron detectors with different geometries were fabri-
cated at FBK between 2012 and 2016. Peculiar to the fabrication approach,
from the beginning, was the choice to have sensors fully compatible with
pixelated read-out chips, in order to address neutron imaging applications.
The quality of the fabrication process was evaluated by the electrical charac-
terization of the devices as well as from the measurements of test structures,
from which the main technological parameters were extracted. In both
batches the electrical characteristics were investigated in depth with the

145
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aid of numerical simulations with reference to 3D diodes. Besides yielding
a good agreement with experimental results, TCAD simulations allowed to
understand some non idealities observed in functional testing performed in
the laboratory with laser and radioactive sources.

The first production of neutron detectors (Hyde 1) was based on a
modified 3D-STC sensor structure aimed at easing the deposition of different
converter materials for fast and thermal neutron detection. The feasibility of
fast neutron detection was proved by coupling the sensors with a polysiloxane
converter, although with a very low efficiency due to the small detection
volume involved. For fast neutron detection, having 3D structures is in fact
not significant, so the attention was later focused only on thermal neutron
detection. Hyde 1 sensors, although not optimized in terms of geometries of
the trenches and of the silicon regions in between them, allowed for several
tests with thermal neutrons in the presence of different converter materials.
As expected, the efficiency recorded was not very high, but Hyde 1 was an
important test vehicle providing useful hints for the design of an improved
sensor aiming at high performance, namely Hyde 2.

These detectors cannot be considered a direct evolution from Hyde 1
though: a full 3D structure was indeed initially considered, that would
increase the charge collection efficiency and speed and make the device
more radiation tolerant. However, it also has some drawbacks: a minimum
distance is required between columnar electrodes of different doping type,
so that the fill factor for the converter material would be low. Moreover,
the columnar electrodes are doped by thermal diffusion and the resulting
doping profiles are quite deep. Since the reaction products have a short
range in silicon, these highly doped regions would compromise the detection
efficiency.

Thus, it was deemed more appropriate to design the Hyde 2 detectors
with a hybrid structure trying to take advantage of the features of 3D
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detectors while maintaining a relatively low process complexity, typical
of planar detectors. The fabrication process of Hyde 2 is in fact a planar
detector process with the addition of a last step whereby DRIE is used
for obtain high aspect ratio trenches with small size and high density on
the ohmic side. The trenches are not doped, but rather a thin layer of
alumina is deposited by ALD at low temperature (compatible with the
aluminium layer used as a metal mask for DRIE) to passivate them before
the boron converter filling. Good passivation properties were expected from
alumina because of its feature of having a negative fixed charge density. The
fabrication process is relatively simple as compared to a 3D process, and it
would be suitable for volume productions at relatively low cost. However,
the small size of the silicon regions in between the trenches, combined with
the effect of the alumina passivation, makes the electric field very small
inside them, so that the charge generated by reaction products has to diffuse
out of the pillars and reach the depletion region before inducing a signal.
While this make the detector slower and less radiation hard, it also provides
an effective mean to discriminate neutrons from gamma rays, based on
a read-out chain with two filters of different shaping times, without the
need to minimize the subtrate thickness. Such a method was successfully
demonstrated in this thesis, leading to a 10× suppression of gamma-ray
detection as compared to standard read-out. Moreover, the simulated
neutron detection efficiency is pretty high, of the order of 30%, and pixel
detectors are readily obtained (the fabricated sensors are compatible with
the read-out chips of the Medipix/Timepix family), making the considered
approch appealing for neutron imaging applications.

Preliminary results under a thermal neutron flux are quite encouraging:
despite the poor quality of the Al2O3 passivation (the fixed charge density
was too low), and the small thickness of the deposited boron converter
layer, the measured neutron detection efficiency (∼4%) is comparable to
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the maximum value theoretically achievable with a planar detector. Further
tests on other samples having an alumina layer with a larger fixed charge
density have been planned to check the related improvement in the detection
efficiency.

In order for this technology to be reliably used for thermal neutron
detectors, the alumina deposition process should be optimized at FBK for
making it more reproducible. Another major step should follow, i.e. the
pixelated sensors should be filled with enriched boron and coupled with
Medipix read-out chip for neutron imaging tests.
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[92] RJ Nikolić, AM Conway, CE Reinhardt, RT Graff, TF Wang, N Deo,
and CL Cheung. 6: 1 aspect ratio silicon pillar based thermal neutron
detector filled with b 10. Applied Physics Letters, 93(13):133502, 2008.

[93] Qinghui Shao, Adam M Conway, Lars F Voss, Radoslav P Radev,
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[135] Tanja Grönlund, Zheng Li, Gabriella Carini, and Michael Li. Full
3d simulations of bnl one-sided silicon 3d detectors and comparisons
with other types of 3d detectors. Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, 586(2):180–189, 2008.

[136] Andrea Zoboli, Maurizio Boscardin, Luciano Bosisio, Gian-Franco
Dalla Betta, Simon Eckert, Susanne Kuhn, Claudio Piemonte, Ulrich
Parzefall, Sabina Ronchin, and Nicola Zorzi. Functional characteriza-
tion of 3d-ddtc detectors fabricated at fbk-irst. In Nuclear Science
Symposium Conference Record, 2008. NSS’08. IEEE, pages 2721–2726.
IEEE, 2008.



171

[137] Andrea Zoboli, Maurizio Boscardin, Luciano Bosisio, Gian-Franco
Dalla Betta, Claudio Piemonte, Sabina Ronchin, and Nicola Zorzi.
Double-sided, double-type-column 3-d detectors: Design, fabrication,
and technology evaluation. IEEE Transactions on Nuclear Science,
55(5):2775–2784, 2008.

[138] G Pellegrini, M Lozano, M Ullan, R Bates, C Fleta, and D Pennicard.
First double-sided 3-d detectors fabricated at cnm-imb. Nuclear
Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 592(1):38–43,
2008.

[139] Elisa Vianello, Alvise Bagolini, Pierluigi Bellutti, Maurizio Boscardin,
Gian-Franco Dalla Betta, Gabriele Giacomini, Claudio Piemonte,
Marco Povoli, and Nicola Zorzi. Optimization of double-side 3d
detector technology for first productions at fbk. In Nuclear Science
Symposium and Medical Imaging Conference (NSS/MIC), 2011 IEEE,
pages 523–528. IEEE, 2011.

[140] Gian-Franco Dalla Betta, Alvise Bagolini, Maurizio Boscardin, Lu-
ciano Bosisio, Paolo Gabos, Gabriele Giacomini, Claudio Piemonte,
Marco Povoli, Elisa Vianello, and Nicola Zorzi. Development of modi-
fied 3d detectors at fbk. In Nuclear Science Symposium Conference
Record (NSS/MIC), 2010 IEEE, pages 382–387. IEEE, 2010.

[141] G-F Dalla Betta, N Ayllon, M Boscardin, M Hoeferkamp, S Mat-
tiazzo, H McDuff, R Mendicino, M Povoli, S Seidel, DMS Sultan,
et al. Investigation of leakage current and breakdown voltage in
irradiated double-sided 3d silicon sensors. Journal of Instrumentation,
11(09):P09006, 2016.

[142] D Pennicard, G Pellegrini, C Fleta, R Bates, V O’Shea, C Parkes,



Conclusions and Future Perspectives 172

and N Tartoni. Simulations of radiation-damaged 3d detectors for
the super-lhc. Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 592(1):16–25, 2008.

[143] M Povoli, A Bagolini, M Boscardin, G-F Dalla Betta, G Giacomini,
E Vianello, and N Zorzi. Slim edges in double-sided silicon 3d detectors.
Journal of Instrumentation, 7(01):C01015, 2012.

[144] Triga mark ii reactor. www.rcp.ijs.si/ric/description-a.html.
[Online; accessed 2017-02-02].

[145] M Petasecca, F Moscatelli, D Passeri, and GU Pignatel. Numerical
simulation of radiation damage effects in p-type and n-type fz silicon
detectors. IEEE transactions on nuclear science, 53(5):2971–2976,
2006.

[146] G Kramberger, V Cindro, I Mandić, M Mikuž, and M Zavrtanik. Effec-
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