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1. Requirements and challenges for silicon sensorsat the XFEL

The next generation light source, the European X-ray Freetin Laser (XFEL) [1], is now
being constructed at DESY, Hamburg and its commissionirsghieduled for 2015. Then, studies
will be performed in physics, chemistry, life sciences, enials research and other disciplines with
X-ray beams of unique quality. Some unique applicationfudte the structural analysis of single
complex organic molecules, the investigation of chemieattions at the femtosecond-time scale
and the study of processes that occur in the interior of pane

At the European XFEL, silicon pixel detectors will be used ifmaging experiments. One
of the ongoing detector developments is the Adaptive Gaieghating Pixel Detector (AGIPD)
Project, which has to fulfil extraordinary performance sjesttions [2]: Single-photon sensitivity
and a dynamic range of up to more tharf photons of 12.4 keV per pixel of 200m x 200 um
arriving within less than 100 fs, a frame rate of 4.5 MHz, anddiation tolerance for doses up to
1 GGy for 3 years of operation. To address these challengdition-hard silicon pixel sensors
and electronic components with outstanding performanee t@be developed.

The complete AGIPD Project has been presented in [3]. Irpdier, the work of the detector
group of Hamburg University on understanding the X-ray cetliradiation damage, its influence
on silicon pixel sensors, and the design of a radiation-sargsor for AGIPD are shortly summa-
rized. In addition, the main experimental results on X-rajuiced radiation damage are presented.

2. Activities of the detector group of Hamburg University for the XFEL

To meet the requirements of silicon sensors for experimantie European XFEL and to
design a radiation-hard silicon pixel sensor for the AGIRDjéxt, the detector group of Hamburg
University has studied the following topics:

Plasmaeffect: The densities of electrons and holes in silicon sensorsextdyy the high intensity
X-rays at the European XFEL produce the so-called plasneztefhe neutral plasma formed by
the high densities of electrons and holes dissolves slolg boundary of the plasma shields the
electric field created by the external bias voltage. Thugthise shape changes significantly and
the time needed to collect all charges is increased. Twoegsss are involved in the separation
of electrons and holes from the plasma: Diffusion and repnlsBefore electrons and holes are
separated ambipolar diffusion is the dominant processe@hectrons and holes are separated, the
electrostatic repulsion increases the spread of the efectand holes. We have extensively studied
this topic [4, 5, 6, 7]. As expected, the plasma effect desgeas the electric field increases. From
the study we conclude: An operating voltage above 500 V ofABEPD sensor should be used in
order to reduce the influence, especially the charge-c¢mletime, due to the plasma effect.

Surfacedamage: X-rays with energies below 300 keV only cause surface darimegjécon sen-
sors, whereas hadrons, gamma-rays and high energy ekectrainly cause bulk damage. Thus,
the X-rays at the European XFEL only induce surface damag&leharges and interface traps
will build up with time in the SiQ and at the Si-Si@interface, respectively. The net oxide charges
are positive, thus they induce electrons which accumutetied silicon below the Si-Siginterface
(electron-accumulation layer). The interface traps iaseethe surface current. The presence of
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the oxide charges and interface traps induced by X-rayseinfles the electrical properties of seg-
mented pn sensors [8, 9, 10]: Increase of the leakage current, theldpletion voltage and the
interpixel/interstrip capacitance; decrease of the piket/interstrip resistance and the mobility of
minority carriers below the interface; reduction of thedik#own voltage; and charge losses close
to the interface. Using measurements on X-ray-irradiatetidtructures from different vendors, we
have observed that the densities of oxide charges andangetfaps, which are responsible for the
surface current, saturate at high doses. In Section 3 gpéier previous results together with new
measurements are presented.

Charge losses and stability of silicon sensors:  The charge losses close to the Si-giGter-
face of segmented'm sensors have been studied using multi-channel timeves@urrent mea-
surements (multi-TCT). Depending on the applied bias geltdiasing history and environmen-
tal conditions like humidity, incomplete electron or holelection and both electron- and hole-
accumulation layers at the Si-Sihterface with different lateral extensions have been olesk
Results on this study and their relevance to the stabilisilmon sensors are discussed in [10, 11].
From the studies we conclude that the effect of charge lassesall if the X-rays enter the sensor
through the face opposite to the segmented read-out elestras is the case for AGIPD.

Optimization of the AGIPD sensor:  The AGIPD sensor has to satisfy the following specifica-
tions to meet the requirements at the XFEL: Interpixel cépace of less than 0.5 pF, a maximal
leakage current per pixel of 1 nA, and an operating voltagabof/e 500 V in order to reduce the
plasma effect. To guarantee safe operation the design gsdbden set at a minimal breakdown
voltage close to 1000 V. A complete list of the AGIPD sensactiications is described in [12].
The specifications should also be met after 3 years of operatith an accumulated dose up to
1 GGy non-uniformly distributed over the sensor. To deslgnAGIPD sensor, experimental data
on the dose dependence of the oxide-charge density andrfaeesgurrent density obtained from
surface-damage studies, have been implemented in the §g1®EAD simulation program in or-
der to optimize the layouts of the pixel and the guard-rimgcitire. The methodology of the sensor
design, the optimization of the most relevant parametaistansimulated performance, like break-
down voltage, leakage current and interpixel capacitaaeénction of the X-ray dose are reported
in [12, 13]. A design which according to simulations meetsgpecifications of the AGIPD sensor
for X-ray doses between 0 and 1 GGy, in particular with respeinter-pixel capacitance, dark
current and breakdown voltage, has been achieved.

3. Studiesof X-ray induced radiation damage (surface damage)

We have studied the X-ray induced radiation damage in silisensors and extracted the
damage-related parameters like oxide-charge density @facs-current density from test struc-
tures. For details, we refer to [8, 14, 15, 16]. Below we jushmarize the main results of the
work:

For the investigation of X-ray induced radiation damage a@ah X-ray dose of 1 GGy,
MOS capacitors and gate-controlled diodes built on higlistiity n-type silicon with crystal
orientations <100> and <111> produced by four vendors, B&namatsu, Canberra and Sin-
tef, have been irradiated with 12 keV X-rays at the DORIS ilhchrotron of DESY. Using



X-ray induced radiation damage

Julian Becker

40 |
-® Cis- <111>-350 rrm Sio, + 50 nm SI3N4 : a):

15| B CS<i1>35mmsio, | A
) —A— Hamamatsu-<100>-700 nm Si0, ; L ,,’/ : - “‘..,..
—&  CiS-<100>-330 nm Si0, + 50 nm SiyN,; ..‘3’ : bt

3.0 e i <1DD>—350ﬁ'r'n'S|U"+'50nmS|N 20" ................... o
2 3 4 :

Canberra—<1 11>~250 nm SlO ; “

-
i K

Oxide-charge density [cm 2]

Fy

x10%? Dose dependence of DXIde charge densﬂy

25 _.4;4 &nugf.cqm:-_"i’ﬁlﬂnmao .............. gl T AU T P

1.5
0.5 _.
w55 10mln@80 C
ool %” . . ; ; ;
107 10° 10’ 10 10° 10* 10° 10°
Dose [kGy]
; Dose dependence of surface current densﬁy
T T
-® Cis- <111=»350 nm Si0, + 50 nm S|3N4 3 5 (b)
-B  Ci8-<111>336im Si0, | RaN
— B [E Hamiamatsi-< 1005700 nm'gSio;""'";"",'7"'""f;' B
"E | & CiS-<100>-330 im Si0, + 60 nm SiN, / o
S 5l i Combema<t1tz2sdnmsio, ¥ AN B
i b Sintef<100>-750 nm SIO; | S L§ “ ;
Z | | R A s
B gl OSSOSO ORIt SO JUNUNY oo SENUURON S RO A
= : : : ; &’ [ N : :
o : : NN e TR TR :
E : : Lo F N \‘ Ny :
= ; a Lo s L
E E ; A A U N N
= ; ; i/ -y ' L L
o 5 : 2, X N R
d : : s® K : SN M
O D hiiede e TR PP S e R [T LR N S
o] : YAt INRS : b ST
S NS el N IS
7] g PP N S ¥
Tro S VP ‘~ T
i PR PG
L“ggér_;*:::!‘* ; 10m|n@80 C
= * = 1 1 I I
107 10° 10’ 10 10° 10* 10° 10

Dose [kGy]

Figure 1. Dose dependence of the oxide-charge dendifyand the surface-current densiliy; ¢ scaled to
20°C after annealing at 8C for 10 minutes. (alNox vs. dose. (bYs,rf vs. dose. Results Moy andJgyrs
before irradiation are plotted at a dose of 1&Gy in the figures.
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capacitance/conductance-voltage, current-voltage lagianal dielectric relaxation current mea-
surements, the oxide-charge density, the densities afack traps at the Si-SiQnterface, and
the surface-current density have been determined as dumnofidose. Figure 1 shows the dose
dependence of the oxide-charge density and the surfacentutensity after annealing at 8D
for 10 minutes. A short-term annealing has been done beff@renieasurements in order to ob-
tain consistent results [14], however measurements imatedgiafter irradiation have also been
performed. The gate lengths of the gate-controlled diodes 20 um for CiS and Hamamatsu,
100 um for Canberra, and 21Qm for Sintef. In addition, the shapes of the gates are ring for
CiS, Hamamatsu and Sintef, and rectangular figures for Gembé/e note that in the analysis we
have just divided the surface current by the area of the gatenat taken into account gate-length
dependent effect [17, 18]. Studies of the gate-length digrere are underway. They indicate that
the surface-current density for the diode with longer gategth may well be under estimate by
20% - 50%. From the measurements, it is found that;

e Nox andJgyrf for <100> silicon before irradiation are lower than for <®ldilicon.

e There is no obvious dependence on the Sitickness.

o Little difference inNgy is observed for the MOS capacitors with an insulating layadenof
SiO, and an insulating layer made of Si@nd SgNg.

e The values found for samples fabricated by the four vendiffer dy a factor of 2 or 3,
which indicates some dependence of radiation-inducecctéedam technology.

e Noyx andJsyrt either saturate or decrease at high X-ray doses. The redspdyws decreases
at high doses is still an issue to be understood.

In addition, the influence of the voltage applied to the gafese MOS capacitor and the gate-
controlled diode during X-ray irradiation on the oxide-gigdensity, the interface-trap density and
the surface-current density has been investigated forsdais&€00 kGy and 100 MGy. It is found
that the values of the oxide-charge density, the interfeaq@ €ensity and the surface-current density
strongly depend on the gate voltage if the electric field endkide points from the surface of the
SiO, to the Si-SiQ interface; however little difference is observed if theedifon of the electric
field is opposite. Annealing studies have also been perforat&0C and 80C on MOS capac-
itors and gate-controlled diodes irradiated to 5 MGy, arelahnealing kinetics of oxide charges
and surface currents determined: They can be describednbtidas predicted by the "tunnelling
model" for the oxide-charge density and the "two reactiometibfor the surface-current density.
Details on the gate-voltage dependence and annealing tatape and time dependence of the
damage-related parameters are documented in [15].

4. Summary

The requirements and challenges of silicon sensors at thepean XFEL have been pre-
sented in this paper and the studies of the detector groumofiidrg University on how to meet
these challenges have been summarized. To reduce the apgzate and time of the signal due
to the plasma effect, it has been found that operating vedtdgr a 50Qum thick sensor in excess
of 500 V are desirable. Charge losses close to the Sj-Biterface have been observed, however
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their influence on measurements at the XFEL are minor and et pnobably be ignored. A se-
lection of results on the X-ray dose dependence of the ootidege density and the surface-current
density from MOS capacitors and gate-controlled diode# bui high-resistivity n-type silicon
with different orientations produced by different vendbase been presented. The influence of the
electric field in the oxide on the formation of oxide charged mterface traps, and the annealing of
oxide charges and surface currents have also been shamiyarized. Using above information,
the AGIPD pixel sensor has been optimized with the help ditiet TCAD simulations. The sim-
ulations show that the challenging requirements for thePAG$ensor, e.g. the breakdown voltage
of ~ 1000 V, interpixel capacitance of 0.5 pF and leakage cuokhtnA/pixel after irradiation to

1 GGy, can be met.
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