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Abstract

The high intensity and high repetition rate of the European X-Ray Free-Electron Laser, presently under construction in Hamburg,
will require pixel sensors which can stand X-ray doses up to 1 GGy for 3 years of operation. Within the AGIPD Collaboration the
Hamburg group has systematically studied X-ray damage in silicon sensors for the dose range between 10 kGy and 1 GGy using
strip sensors and test structures fabricated on high-ohmic n-type silicon from four different vendors. The densities of oxide charges,
interface traps and surface current as function of dose and annealing conditions have been determined. The results have been
implemented in TCAD simulations, and the radiation performance of strip sensors and guard-ring structures has been simulated
and compared to experimental results. Finally, with the help of detailed TCAD simulations, the layout and technological parameters
of the AGIPD pixel sensor have been optimized. It is found that the optimization for silicon sensors exposed to high X-ray doses is
significantly different from that for non-irradiated sensors, and that the specifications of the AGIPD sensor can be met.

Keywords: XFEL, silicon pixel sensor, plasma effect, X-ray radiation damage, sensor optimization.

1. Introduction1

The European X-Ray Free-Electron Laser (EuXFEL) [1, 2],2

planned to start operation in 2016, will provide X-ray beams3

with unique features: A brilliance which is 8 orders of magni-4

tude higher than the most brilliant synchrotron-radiation beams5

for wavelengths in the Ångström region, full transverse coher-6

ence, a pulse length of about 10 fs, and pulse trains of 27007

pulses with 220 ns spacing every 100 ms. These unique fea-8

tures pose major challenges for imaging detectors, in particu-9

lar [3, 4]: A dynamic range of 0, 1 to more than 104 photons of10

typically 12.4 keV per pixel, a radiation tolerance for doses up11

to 1 GGy for 3 years of operation, a good detection efficiency12

for X-rays with energies between 3 and 20 keV, and minimal13

inactive regions at the edge of the sensors.14

Within the AGIPD (Adaptive Gain Integrating Pixel Detec-15

tor) Collaboration [5, 6] the Hamburg group has studied the16

consequences of these requirements for p+n-silicon sensors and17

optimized the design of the AGIPD sensor. From the study of18

the plasma effect, which occurs at high instantaneous X-ray19

densities [7, 8, 9], it has been concluded that, for a sensor of20

a thickness of 500 µm, an operating voltage above 500 V is21

needed to achieve a sufficiently high electric field to limit the22

spatial spread of the charge carriers and to achieve a charge-23

collection time compatible with the 220 ns spacing of the Eu-24

XFEL pulses. Studies of the charge collection in segmented25

sensors after irradiation with different X-ray doses [10, 11] have26

shown that, depending on X-ray dose, biasing history and envi-27

ronmental parameters like relative humidity, losses of holes or28

electrons occur. However, these effects have little relevance for29

the EuXFEL applications.30
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In this paper we summarize the results on the main effects31

of X-ray radiation damage, in particular the increase of oxide-32

charge density, the formation of Si-SiO2-interface traps, their33

impact on dark current and breakdown voltage, and the opti-34

mization of the design of the AGIPD sensor for high operating35

voltages for X-ray doses between 0 and 1 GGy.36

2. X-ray radiation damage of p
+

n-silicon sensors37

The X-ray energies at the EuXFEL are well below the thresh-38

old energy for the formation of defects in the silicon bulk, and39

only defects in the dielectric, at the Si-SiO2 interface, and in-40

terfaces between dielectrics are generated. The effects of X-ray41

radiation damage are discussed in detail in [12, 13]. Here we42

give only a very short summary. In SiO2 X-rays produce on43

average one eh pair every 18 eV of deposited energy. Depend-44

ing on ionization density and electric field, a fraction of the eh45

pairs recombine. The remaining charge carriers move in the46

SiO2 by diffusion and, if an electric field is present, by drift.47

Electrons, due to their high mobility and relatively low trap-48

ping probability, leave the SiO2. However holes, which move49

via polaron hopping, are typically captured by deep holes in the50

SiO2 or at the Si-SiO2 interface, which results in fixed positive51

charge states. We denote the density of oxide charges by Nox,52

the surface-current density by Jsur f , and the density of interface53

traps as function of their energy E relative to the conduction54

band by Dit(E) with units 1/(eV·cm2). The interface traps, if55

exposed to an electric field, act as generation centers and gen-56

erate a surface current.57

For a realistic simulation and optimization of sensors, val-58

ues of Nox, Nit, the effective number of interface traps, and59

Jsur f as function of dose are required. We therefore have ir-60
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