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Abstract

Using the multi-channel Transient Current Technique the currents induced by electron-hole
pairs, produced by a focussed sub-nanosecond laser of 660 nm wavelength close to the Si-SiOs
interface of p*n silicon strip sensors have been measured, and the charge-collection efficiency
determined. The laser has been operated in burst mode, with bursts typically spaced by 1 ms,
each consisting of 30 pulses separated by 50 ns. In a previous paper it has been reported that,
depending on X-ray-radiation damage, biasing history and humidity, situations without charge
losses, with hole losses, and with electron losses have been observed. In this paper we show for
sensors before and after irradiation by X-rays to 1 MGy (SiOz), how the charge losses change with
the number of electron-hole pairs generated by each laser pulse, and the time interval between the
laser pulses. This allows us to estimate how many additional charges in the accumulation layers
at the Si-SiO4 interface have to be trapped to significantly change the local electric field, as well
as the time it takes that the accumulation layer and the electric field return to the steady-state
situation. In addition, results are presented on the change of the pulse shape caused by the plasma
effect for high charge densities deposited close to the Si-SiOs interface.

Keywords: Silicon strip sensors, X-ray-radiation damage, charge losses, Si-SiO5 interface,
accumulation layer, plasma effect, XFEL

1. Introduction

The high instantaneous intensity and the 4.5 MHz repetition rate of the European X-Ray
Free-Electron Laser (XFEL) [1, 2, 3] pose new challenges for imaging X-ray detectors [4, 5]. The
specific requirements for the detectors include a dynamic range of 1 to more than 10* photons,
with a clear separation of single photons from noise, of typically 12.4 keV per pixel for an XFEL
pulse duration of less than 100 fs, and a radiation tolerance for doses up to 1 GGy (SiO3) for 3
years of operation.

One question is, if all charges are collected in the 220 ns between XFEL pulses for the high
instantaneous charge-carriers densities, or if pile-up effects appear. In [6, 7] the impact of the
plasma effect [8], which occurs for high X-ray fluxes when the density of electron-hole (eh) pairs
is large, typically of the order of the doping of the silicon crystal, has been studied. From these
studies, it has been concluded that for 500 pwm thick sensors the operating voltage should be at least
500 V in order to assure the complete signal collection in-between XFEL pulses and a sufficient
narrow point spread function for the measurement of the shape of narrow Bragg peaks. The present
work concentrates on the collection of charges produced in the region below the Si-SiO5 interface
in segmented p™n sensors, where the potential, under certain biasing conditions, has a saddle point
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2 MEASUREMENT TECHNIQUES AND ANALYSIS 2

and the electric field is zero. The multi-channel Transient Current Technique (m-TCT) for charges
produced by a sub-nanosecond laser light of 660 nm (absorption length in silicon of about 3.5 um
at room temperature) is used for the studies.

The same study also allows a detailed investigation of the properties of the accumulation layer,
which forms in segmented p™n sensors at the Si-SiO, interface, and of the close-by electric field.
This is the main topic of this manuscript.

In [9] it has been demonstrated that charge carriers produced close to the Si-SiO; interface
can be lost, meaning, that they are not collected by an electrode of the sensor within < 100 ns.
Depending on the biasing history and on environmental parameters like humidity, situations with
losses of electrons, of holes and without losses have been observed. The different situations are
related to the density of oxide charges, which strongly depends on the X-ray dose with which
the sensor has been irradiated, and on the potential distribution on the surface of the sensor’s
passivation layer, which changes when the biasing voltage is changed. Given the high surface
resistivity of the passivation layer and its strong dependence on humidity, the time constants for
reaching a steady-state of the surface potential can be as long as several days. As discussed in
detail in [9], the cause of the charge losses is the electric field which, for an electron-accumulation
layer points away from the Si-SiOs interface, and for a hole-accumulation layer towards it. In this
field charge carriers drift towards the accumulation layer, and are trapped for times longer than
the integration times used in the analysis of the m-TCT data.

In [10] the time dependence of the electron and hole losses close to Si-SiO2 interface for an
non-irradiated silicon strip sensor and a sensor irradiated by X-rays to 1 MGy (SiO2) have been
investigated as function of biasing history and relative humidity.

In the present work we investigate how many additional charges have to be trapped in the
accumulation layers to significantly change the collection of charges from the region close to the
Si-SiOg9 interface and thus the local electric field, and the time dependence of returning to the
steady-state conditions of the accumulation layers.

The work has been done within the AGIPD collaboration [11, 12] which is developing a large-area
pixel-detector system for experimentation at the Furopean XFEL and other X-ray sources.

2. Measurement techniques and analysis

2.1. Sensors under investigation

The same DC-coupled p*n strip sensors produced by Hamamatsu [13] as in [9, 10] were used
for the investigations. Relevant sensor parameters are listed in Table 1, and a cross section of the
sensor is shown in Figure 1. The sensors are covered by a passivation layer with openings at the
two ends of each strip for bonding. One sensor was investigated as produced, and another after
irradiation to 1 MGy (SiO3) with 12 keV photons without biasing voltage applied and annealed
for 60 minutes at 80 °C. The corresponding values for the oxide-charge density, INV,;, the integrated
interface-trap density, IN;+, and the surface-current density, Jsy, ¢, are listed in Table 2. The values
have been derived from measurements on MOS capacitors and gate-controlled diodes fabricated on
the same wafer as the sensors [14, 15, 16] and scaled to the measurement conditions. The material
of the passivation layer is not known to us. If it is SiOy we assume that it has little impact on the
value of N,,. For SizsNy it could result in a reduction of the effective value of N,.

2.2. Ezperimental setup

To study the charge transport and charge collection in the sensor, the instantaneous currents
induced in the electrodes by the moving charges were measured (Transient Current Technique -
TCT [17, 6, 7]). The multi-channel TCT setup, described in detail in [7], has been used for the
measurements. The bias voltage was applied on the n™ rear contact of the sensor. The current
signal was read out on the rear contact and on 2 strips on the front side using Agilent 8496G
attenuators, Femto HSA-X-2-40 current amplifiers and a Tektronix digital oscilloscope with 2.5
GHz bandwidth (DPO 7254). The readout strips were grounded through the DC-coupled amplifiers
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sensor parameter value
producer Hamamatsu
coupling DC
pitch 50 um
depletion voltage ~ 155V
doping concentration ~ 102 cm™3
gap between pt implants 39 um
width of pT implant window 11 um
depth of p* implant unknown
aluminium overhang 2 um
number of strips 128
strip length 7.956 mm
sensor thickness 450 pm
SiOy thickness 700 nm
passivation layer unknown
crystal orientation (111)

Table 1: Sensor parameters. For the simulations a Gaussian pT implantation with a maximum density of 1.7 -
109 ¢cm~3 and a junction depth of 1.5 um has been assumed. For the passivation layer we assume SiO2 with a

thickness of 700 nm.

X-ray dose ‘ 0 Gy ‘ 1 MGy (60 min. at 80°C) ‘
Nog 1.3-10! /em? 1.4-102 /cm?
N; 0.87-101° /emn® 1.6-102 /cm®
Jsurf 9.8 nA/cm? 2.2 pA/cm?

Table 2: Oxide-charge density, Nog, interface-trap density integrated over the Si-band gap, N;;, and surface-current
density, Jgurf, obtained from measurements on test structures (a MOS capacitor and a gate-controlled diode).
The values for a temperature of 22.9°C before and after X-ray irradiation to 1 MGy and annealing for 60 minutes
at 80°C are presented. The actual measurements were taken at 21.8°C and, for the irradiated structures after
annealing for 10 minutes at 80°C, scaled (scale factor ~ 0.7) to above values, which correspond to the measurement
conditions of the sensor investigated.

NL L R NR

=+ y [um]

x [um]

Figure 1: Schematic cross section of the DC-coupled ptn sensor, and definition of the  and y coordinates. The
drawing is not to scale.



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

2 MEASUREMENT TECHNIQUES AND ANALYSIS 4

(~ 50 Q input impedance). The seven strips to the right and the seven strips to the left of the
strips read out were connected to ground by 50 € resistors.

Electron-hole (eh) pairs were generated in the sensor close to its surface in-between the readout
strips by red light from a laser focussed to an rms of 3 um. The wavelength of the light was
660 nm, which has an absorption length in silicon at room temperature of approximately 3.5 pm.
We note that 1 keV X-rays have a similar absorption length in silicon. The number of generated
eh pairs was controlled by optical filters. For most of the measurements presented approximately
130 000 eh pairs were generated, corresponding to 470 X-rays of 1 keV. The laser was used in
burst mode with 30 pulses per burst. The pulse structure is shown in Figure 2. The pulses in a
burst were separated by t; = 50 ns, and the time interval between bursts t5 & 1 ms, if not stated
otherwise. To study the time dependence of the return to steady-state conditions after charges
have been trapped, t; or t; were varied, with the other parameters fixed. For longer recovery
times to was varied between 500 ns and 10 ms and the signal from the first pulse of the burst was
analysed. The recovery time At is defined as the time interval between the pulse analysed and its
preceding pulse. Hence At = ¢y if the first pulse is analysed. For short recovery times ¢ was set to
1 ms, t; varied between 50 and 500 ns, and the signal from pulse 30 analysed. In this case we have
At = t1. In this way two different measurements are available for At = 500 ns.

2.3. Measurement conditions

As discussed in detail in [9, 10], the observed charge losses depend on the X-ray-radiation
damage and on the charge distributions inside and on top of the passivation layer. The latter
changes when the biasing voltage is changed. After changing the biasing voltage, steady-state
conditions are reached on top of the passivation layer after a time interval which, due to the
dependence of the surface resistivity on humidity, strongly depends on the ambient relative humidity.
In a dry atmosphere or in vacuum, this time can be as long as several days, whereas in a humid
atmosphere, it can be as short as minutes. All measurements were performed at 200 V. The same
biasing and environmental conditions were already used in [9]:

e "humid”: Sensor biased to 200 V and kept in a humid atmosphere for > 2 hours (relative
humidity > 60 %), i.e. in steady-state conditions on top of the passivation layer,

e 7dried @ 0 V”: Sensor stored at 0 V for a long time to reach steady-state conditions at 0 V,
then kept in a dry atmosphere for > 1 hour (relative humidity < 5 %), and then biased to
200 V for the measurements; thus the charge distribution on top of the passivation layer
corresponds to the 0 V condition,

e "dried @ 500 V”: Sensor kept for > 2 hours at 500 V in a humid atmosphere (relative humidity
> 60 %) to reach steady-state conditions, then dried for > 1 hour, and afterwards biased at
200 V in a dry atmosphere for the measurements; thus the charge distribution on top of the
passivation layer corresponds to the 500 V steady-state condition.

1234 ... 2930 234 ... 2930

1
H :
t ty

Figure 2: Schematic of the pulse structure. The laser was operated in burst mode with 30 pulses per burst. Pulses
inside a burst were separated by the time interval ¢1, and the time interval between bursts was ta.
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Figure 3: Current transients for the first two pulses of the burst for strip L (black solid line) and the rear contact
(red dotted line) for 130 000 eh pairs generated at zg = 75 um for ¢; = 50 ns and t3 = 1 ms. The vertical lines
indicate the limits used to determine the base line and the signal. The results shown are for the non-irradiated
sensor in conditions ”dried @ 500 V” biased to 200 V.
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2 MEASUREMENT TECHNIQUES AND ANALYSIS 6

2.4. Analysis method

Figure 3 shows for the non-irradiated sensor biased to 200 V the current transients of the
first two pulses of a pulse train measured at strip L and at the rear contact for 130 000 eh pairs
generated at xg = 75 pwm, half way between the readout strips R and N R, as shown in Figure 1.
The red dotted line in Figure 3 shows the signal measured at the rear contact, and the black solid
line the signal from strip L at = 0, which is 1.5 times the strip pitch away from the position
where the eh pairs were generated.

The signals are the sums of the currents induced by the holes, which drift to the p™ strips,
and the electrons, which drift to the nt-rear contact. The holes are collected quickly, because
the distance between the readout strips and the place where they were generated is small. The
electron signals are significantly longer, as electrons have to traverse the entire sensor to reach the
rear contact. The current transient on strip L is the sum of a short negative signal from the holes
drifting to strips R and N R and a slower positive signal from the electrons drifting to the rear
contact. In the rear contact the holes as well as the electrons induce negative signals. The bi-polar
signals, starting approximately 20 ns after the start of the signal pulse, are due to reflections from
the amplifiers, which were connected to the electrodes by 2 m long cables. The noise and the
reflection for the rear contact are significantly higher than for the signal from the readout strips.
This is due to the higher capacitance of the rear contact and the bias-T used to decouple the high
voltage.

In the analysis the induced charge for the i-th pulse in a burst, Q);, is calculated off-line by
integrating the current over the time interval ¢ and subtracting the baseline current:

fTvi—S ns I-dt
dnSnst 0 and o =to+ (i—1) 1. (1)

T7',+(5t
Qi = / (I = Iyasetine) -t with  Tygetine =
i 8ns

3

As indicated in Figure 3, t( is the time shortly before the first pulse starts and a value §t = 16 ns
was chosen for the measurements with 130 000 eh pairs. For the measurements in which the number
of eh pairs was varied between 10° and 107, §t = 40 ns had to be chosen in order to collect the
entire charge.

The number of charge carriers lost is obtained from Q”, the charge induced in strip L in the
following way: The integral of the hole signal is QX = N, - go - (0 — ®Z(2¢)). N}, is the number
of holes collected, go the elementary charge, and the term in parenthesis the difference of the
weighting potential ®Z for the readout strip L at the strips R and N R where the holes are collected
(®L(R) = ®L(NR) = 0), and ®L(z0), the weighting potential at the position z, where the holes
were generated. The charge induced by the electrons is QL = N, - (—qo) - (0 — ®L (1)), where N,
is the number of electrons collected at the rear contact. The total charge induced on strip L is:

Q" =Q +Qk = (Ne — Ni) - qo - DL (20). (2)

If all holes and electrons are collected N, = N;, and Q¥ = 0. For incomplete charge collection,
assuming that there is negligible eh recombination and only electrons or only holes are lost, the
amount of charge lost is given by:

Qlost - (Ne - Nh) qo = QL/q)ﬁ;(xO) (3)

If more electrons than holes are collected N, > N, Qos¢ is positive, and the number of holes lost
is obtained from N}lf“ = Qiost/q0- In a similar way, for N, < Nj the number of electrons lost is
NéOSt = _Qlost/qO'

In this paper measurements from strip L for light injected at the positions x¢y = 40 pm and
xo = 75 um are presented. For the corresponding weighting potentials ®Z (z() values of 0.35 and
0.05 are used. For the analysis neither the signals from the rear contact nor from strip R are used,
but it has been verified that the corresponding signals agree with the results of the analysis from
strip L. For more details on this method of determining the charge losses and on the way the
values of the weighting potentials were obtained, we refer to [9].
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A dried@500V, 0 Gy (x = 75 pm)
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Figure 4: Fraction of charges lost as a function of pulse number in the burst for the non-irradiated sensor for
~ 130 000 eh pairs generated per pulse at g = 75 um. In addition, some measurements with the laser at o = 40 pm
are shown. The sensor was biased at 200 V. The nomenclature characterizing the different measurement conditions
are explained in the text. Positive values correspond to hole losses and negative to electron losses.

60%

A dried@500V, 1 MGy (x=75um)
40% | © humid, 1 MGy (x=40pm) 5
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Figure 5: Fraction of charges lost as a function of pulse number for the irradiated sensor (IMGy). The other
conditions are the same as for Figure 4.

3. Results

The three biasing and environmental conditions under which the measurements have been
performed have been defined in Section 2.3. First, for the non-irradiated and for the irradiated
(1 MGy) sensor in the three experimental conditions it is shown how the charge losses for 130 000
eh pairs generated per pulse depend on the pulse number in the burst. Next, the time dependence of
the recovery of the charge losses to the situation for the first pulse of the pulse train is investigated.
Finally, for the irradiated sensor, the dependence of the charge losses on pulse number as function
of the number of generated charge carriers in the range between 10° and 107 is shown. A discussion
and qualitative explanations of the results are found in Section 4.

3.1. Charge losses as function of pulse number

Figures 4 and 5 show for the non-irradiated and the irradiated sensor for the three experimental
conditions and ~ 130 000 eh pairs generated per pulse, the fraction of charges lost as function of
the pulse number in the burst. The main results are summarised in Table 3. The parameters of the
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carrier | pulse 1 | saturation | pulse no. | no. charges lost
condition type losses losses saturation | for saturation
0 Gy, dried@500 V h 70 % 25 % ~ 8 ~ 500 000
0 Gy, humid - <10% | <10% - -
0 Gy, dried@0 V e 35 % 20 % ~ 8 ~ 300 000
1 MGy, dried@500 V — <20 % < 20 % - -
1 MGy, humid e 40 % <5% ~ 15 ~ 250 000
1 MGy, dried@0 V e 70 % - > 30 > 2 500 000

Table 3: Summary on the dependence of the charge losses on pulse number for 130 000 eh pairs produced, extracted
from Figures 4 and 5. Presented are, for the non-irradiated and the irradiated sensor and three measurement
conditions, the type of charge carriers lost, the initial losses for pulse number one, the saturation value of the
charge losses, the pulse number at which the losses reach saturation, and the total number of charges lost until the
saturation is reached.

burst mode were a time between the pulses t; = 50 ns, and a time between the bursts t = 1 ms.
As will be shown later the value t; = 1 ms is sufficient that the charge losses have recovered to the
steady-state values before the first pulse of the following burst.

In Figure 4 the fractions of charges lost for the two laser positions, zg = 40 um and zg = 75 wm,
for the condition "dried @ 0 V” are shown. It can be seen, that the fluctuations for xy = 40 um
are much smaller than for zqg = 75 um. The reason is the difference in weighting potential, which is
in the denominator in Equation (3). It is 0.35 for zg = 40 um and 0.05 for g = 75 wm. However,
g9 = 40 um is only 15 um away from the center between the strips R and L, and not for all
conditions it can be assured, that no holes reach the readout strip L by diffusion, which is assumed
in the analysis. In [9] it has been shown that there are situations where the diffusion of the holes
is sufficiently small, so that the measurements at zy = 40 wm give reliable results for the charge
losses. This is the case for "dried @ 0 V7, and the results are compatible with the measurements at
xg = 75 um. In the following, if no holes diffuse to strip L the results for zg = 40 um are shown,
else the results for g = 75 um.

3.2. Charge losses as function of recovery time

Figures 6 and 7 show the fraction of charges lost as a function of the recovery time At, defined
in Section 2.2, for the irradiated and non-irradiated sensor biased at 200 V and ~ 130 000 eh pairs
generated. For the measurements at At = 500 ns there are two data points. As discussed in

80% 80%

60% 60%

e e
w [%]
-] o
o 40% o 40% e
ap - 1] A dried@500V, 0Gy (x = 75 um
s 4 dried @500V, 0Gy (x = 75 pm) = & humid, 0Gy (xx;‘s(um) um)
£ < humid, 0Gy (x = 75 pm) = o L
20% , 20% -
u; ’ @ dried @OV, 0Gy (x = 40 pm) qg ) ® dried@OV, 0Gy (x = 40 wm)
=4 c
o 0% Q> = o 0% 2
g ® 0 © g
i e
= 20% = 20%
—8
-40% -40%
001 01 1 10 100 1000 10000 0 5 10 15 20
recovery time At [ ps] recovery time At [ ps ]

Figure 6: Fraction of charges lost as a function of the recovery time At for the non-irradiated sensor biased at 200 V
for ~ 130 000 eh pairs generated. Left: Logarithmic time axis. Right: Linear time axis.
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Figure 7: Fraction of charges lost as a function of the recovery time At for the irradiated sensor biased at 200 V for
~ 130 000 eh pairs generated. Left: Logarithmic time axis. Right: Linear time axis.

condition ‘ type ‘ 122.41%] ‘ to [us] ‘ P
0 Gy, dried@500 V. | h | 64.2+1.8 | 0.657055 | 0.23+0.06
0 Gy, humid - < 10 — -
0 Gy, dried@0 V e | —34.3+0.3 | 0427095 | 0.21+£0.013
1 MGy, dried@500 V | — <20 - -
1 MGy, humid e | —456+0.5|6.0+04 | 0.71750%
1 MGy, dried@0 V. | e ~ T3 - —

Table 4: Summary of the dependence of the charge losses on recovery time At for 130 000 eh pairs produced,
extracted from Figures 6 and 7. Presented are, for the irradiated and non-irradiated sensor and three measurement
conditions, the type of charge carriers lost, and the parameters obtained when fitting Equation (4) to the data; the
steady-state fraction of charges lost, f7°,, the time constant, o, and the power in the exponent, p. In three cases
no or little dependence on recovery time is found and the data described by a constant.

Section 2.2, one is obtained from pulse number 30 for the laser timing ¢; = 500 ns and ¢t5 = 1 ms,
the other from pulse number 1 for the timing ¢; = 50 ns and t5 = 500 ns. It is seen that the values
are compatible. Smooth transitions from the reduced charge losses at short recovery times to the
larger steady-state losses, corresponding to the losses for the first pulse in Figures 4 and 5, are
observed.

In order to obtain a quantitative description of the measurements, they are fitted by the
phenomenological function

flost(At) = fl%c;t (1 - ei(At/tU)p> ) (4)

with the free parameters, the steady-state fraction of charges lost, f7,, the time constant, o, and
the power in the exponent, p. The fit results are presented in Table 4. The discussion of the results
is postponed to Section 4.

3.3. Effects of high charge densities

For the study of one consequence of the plasma effect, the increase of the pulse length, Figure 8
shows the current transients of the first two pulses of the pulse train for the readout strip L and the
rear contact, for 10°, 3.6 - 103, 3.6 - 105 and 107 eh pairs produced at zq = 75 um for the irradiated
sensor biased to 200 V in the condition "dried @ 0 V”. We note that the condition ”dried @ 0 V”
corresponds to operation conditions typical for sensors.
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Whereas the shapes of the signals from the rear contact (red dotted lines), which are mainly
due to the electrons, are similar for 10° and 3.6 - 10° eh pairs, a significant change is observed for
higher intensities. The signal peaks at ~ 10 ns, compared to ~ 2 ns, and the signal extends up to
~ 35 ns compared to < 20 ns. Also the signals from strip L (black solid lines) change significantly.
The short negative signals due to the holes moving to strips R and NR and the slower positive
signals are very much reduced when normalised to the number of eh pairs generated. The reason is
that both electrons and holes are trapped in the eh plasma, which dissolves by ambipolar diffusion,
and the positive electron signal is to a good extent compensated by the negative signal induced by
the holes moving towards strips R and NR.

Next we have investigated for the irradiated sensor in the condition "dried @ 0 V”, where
electron losses of ~ 70 % with little dependence on pulse number and recovery time had been
observed, how the number of generated eh pairs influences the charge losses as function of pulse
number. The laser was used in burst mode with 30 pulses with the parameters ¢t; = 50 ns and
to = 1 ms, and the number of eh pairs generated at zg = 40 um was varied between 10® and 107,
In order to take into account the increase of the pulse length due to the plasma effect, for this
analysis the integration time 6t in Equation (1) was increased to 40 ns, as indicated in Figure 8.

Figure 9 shows the fraction of electrons lost as function of the pulse number for different
numbers of eh pairs generated per pulse. For 10° eh pairs the number of electrons lost per pulse
decreases with pulse number from ~ 70 % to ~ 60 % without reaching a constant value up to
30 pulses. This is similar to the data presented in Figure 5. For higher numbers of generated
eh pairs, the fraction of electrons lost for the first pulse decreases, and a strong further decrease is
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Figure 8: Current transients for the first two pulses of the pulse train for strip L (black solid line) and the rear
contact (red dotted line) as function of the number of eh pairs produced at zg = 75 wm for £1 = 50 ns and t2 = 1 ms.
The vertical lines indicate the limits used to determine the base line (tg — 8 ns to tg) and the signal (¢g to tg + 40 ns).
The measurements were made with the irradiated sensor in the condition ”dried @ 0 V” biased to 200 V. Top left:
10% eh pairs. Top right: 3.6 - 10° eh pairs. Bottom left: 3.6 - 10% eh pairs. Bottom right: 107 eh pairs.
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Figure 9: Fraction of electrons lost as function of the pulse number in the burst for the irradiated sensor biased at
200 V for the condition ”dried at 0 V”. Between 10° and 107 eh pairs per pulse were generated at zg = 40 pum with
pulse spacing t; = 50 ns and burst spacing t2 = 1 ms.
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Figure 10: Simulated potential distribution for the non-irradiated sensor biased to 200 V with the biasing condition
”"humid”. See Figure 1 for the coordinate system.

observed for the following pulses. The values at high pulse numbers also decrease with the numbers
of generated eh pairs. For 3.6 - 10° a saturation value of ~ 30 % is obtained. For 107 it is as small
as ~ 2 %. The observation that the fraction of electrons lost decreases with increasing number of
generated eh pairs already for the first pulse agrees with the expectation, that the local electric
field changes already before the charges from that particular pulse are collected.

4. Discussion

4.1. Plasma effect

With respect to the questions, if there are pile-up effects due to charges trapped in the region
below the Si-SiO interface, we conclude from Figure 8, that a significant lengthening of the
current pulse occurs only when more than 3.6 - 10° eh pairs are produced by the laser. For the
AGIPD sensor the X-rays enter through the n™ rear contact, and only ~ 0.3 % of 12.4 keV X-rays
(absorption length ~ 250 um in silicon) interact in the ~ 5 pum close to the Si-SiO5 interface, and
thus ~ 3.6 - 10* 12.4 keV X-rays are required to produce 3.6 - 10° eh pairs there. We conclude, that
the low-field region close to the Si-SiO4 interface does not result in increased pulse lengths due to
the plasma effect for the situation expected at the European XFEL, and that the conclusions of [6]
remain valid.
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4.2. Explanation of the charge losses

A detailed discussion and an explanation of the dependence of the charge losses on X-ray dose
and biasing history has been presented in [9]. It is briefly summarised here. Figure 10, taken
from [9], shows the simulated potential distribution for "humid”, the situation where no charge
losses are observed. In the calculations for ”humid” a constant potential of 0 V, the potential of the
readout strips, was assumed on the top of the SiOs passivation. An effective positive oxide-charge
density of 10'* em~2 for a non-irradiated sensor has been used to describe oxide charges and charged
interface traps. The surface-current generation was parameterised by a surface-recombination
velocity, sg, with values derived from the measured surface-current densities Jgyrr. At the Si-SiOq
interface the potential has a parabolic shape in the = direction, with a maximum value of ~ 10 V
in the center between the p* strips. In the y direction the potential increases. Thus, for eh pairs
produced by the laser close to the interface, the electrons drift in the y direction to the rear contact,
the holes along the x direction to the p* strips, and no charges are lost.

The simulated potential for the condition ”dried @ 0 V”, where electrons are lost, is shown
on the left of Figure 11, again taken from [9]. For the calculations zero charge on the top of the
passivation is assumed, as it has been for the sensor at zero volt in steady-state conditions. For
defining the boundary conditions we have extended the simulation volume by a vacuum layer
to y = —100 wm where Neumann boundary conditions have been applied. Oxide charges and
surface-current generation were treated as discussed above. The positive oxide charges cause an
electron-accumulation layer at the Si-SiOs interface at a value of the potential of ~ 29 V| a saddle
point of the potential ~ 5 wm below the interface, and an electric field pointing from the SiO5 into
the silicon. Thus electrons drift towards the Si-SiOs interface where they are lost, i.e. not collected
in the time interval during which the induced current is integrated.

The right side of Figure 11 shows the potential for the condition ”dried @ 500 V”. In the
humid steady-state condition at 500 V negative charges accumulate on the top of the passivation.
When the voltage is reduced to 200 V in dry conditions, the negative surface charges remain,
overcompensate the positive oxide charges, produce a hole-accumulation layer at a potential value
of ~ 4V at the Si-SiO, interface and an electric field which points from the silicon into the SiOs.
Thus holes drift to the Si-SiO5 interface and are lost. In the simulations the following approach
was taken. The surface-charge density simulated for a bias voltage of 500 V and a potential of
0 V on the top of the passivation was used for the sensor biased to 200 V. The simulation volume
was again extended to y = —100 pm where Neumann boundary conditions were applied. Oxide
charges and the surface-current generation were again treated as discussed above.

4.3. Explanation of the change of the charge losses

Next we give a qualitative explanation of the change of the charge losses as function of pulse
number and recovery time for the non-irradiated sensor.

electrostatic potential electrostatic potential
U =200V dried at OV - 0Gy U =200V dried at 500V - 0Gy

Potential [V]

Y [um]
Y [um]

20

30

20 30

X [um]

Figure 11: Simulated potential distributions for the non-irradiated sensor biased to 200 V for different biasing
conditions. Left: ”dried at 0 V. Right: ”dried at 500 V”. See Figure 1 for the coordinate system.
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As seen in Figures 4 and 6, if no charges are lost, i.e. all charges are collected before the next
laser pulse arrives, the charge losses remain zero. This is expected, as the conditions do not change
from pulse to pulse.

If, as for the situation ”dried @ 500 V”, positive charges are trapped close to the interface,
the value of the potential at the interface in-between the p* strips will increase and approach
the no-charge-loss situation shown in Figure 10. As summarised in Table 3, after ~ 8 pulses of
~ 130 000 eh pairs spaced by 50 ns, the initial hole losses of ~ 70 % have decreased to a saturation
value of ~ 25 %. We conclude that after ~ 8 pulses, the additionally trapped charges move away
from the position where they were produced in the 50 ns time interval between the laser pulses.
For the recovery of the charge losses Figure 6 shows a fast increase in the first few microseconds,
followed by a much slower increase. The full recovery is reached at At ~ 500 pus. We assume that
the recovery is due to the diffusion of the excess holes over the potential barrier.

Qualitatively the observations for the electron and for the hole losses are similar. The main
difference is that the initial losses are ~ 35 % for electrons, compared to ~ 70 % for holes.
Comparing the potential distributions shown in Figure 11, bigger charge losses are expected for
holes than for electrons. The electric field responsible for hole trapping (right) is higher and extends
over a larger region than the one for electron trapping (left). As in the case of hole trapping,
trapped electrons change the potential towards the zero-loss situation. However, trapped electrons
reduce the value of the potential at the interface, whereas trapped holes increase it.

Next we discuss the results for the irradiated sensor. The X-ray irradiation to 1 MGy increases
the oxide-charge and interface-trap densities to an effective positive oxide-charge density of ~ 2 -
102 em~2 [14]. In addition, the surface current increases by several orders of magnitude due to
the interface states.

Figure 5 shows, that for the condition ”dried at 500 V” no charge losses are observed when
~ 130 000 eh pairs are generated per pulse. Apparently the negative surface charges on top of the
passivation layer compensate the high effective oxide-charge density. For "humid” the density of
negative surface charges is smaller, and does not fully compensate the positive oxide charges, and
electron losses of ~ 40 % for the first pulse are observed. For ”dried @ 0 V” the surface-charge
density is essentially zero, resulting in even higher electron losses of ~ 70 % for the first pulse.

The electron losses as a function of pulse number for the irradiated sensor behave quite differently
than for the non-irradiated sensor. For "humid” and 130 000 eh pairs generated per pulse, the
electron losses decrease to essentially zero after ~ 15 pulses, whereas for "dried @ 0 V” they hardly
decrease and show no sign of saturation. As seen in Figure 9, a much higher number of eh pairs is
required for the irradiated sensor in the condition ”dried @ 0 V” to significantly change the electron
losses. Also the shape of the recovery of the electron losses, shown in Figure 7 for the irradiated
sensor in conditions ”humid”, is different. Whereas for the non-irradiated sensor an initial partial
recovery with time constants of less than 1 us is followed by a slow full recovery until ~ 200 us,
the electron losses for the irradiated sensor recover with a single time constant of ~ 6 us. We note,
that in the discription by Equation (4), p &~ 1 we interprete as a single time constant, and p < 1
we interprete as a recovery with both, slower and faster components (compare Figures 6 and 7).

We finally comment, that we have made no attempt to simulate the dependence of the charge
losses for the pulse structure used in the experiments. Given that it is a 3-D problem with charges
spreading over large distances in-between the p* strips, a realistic simulation appeared out of
reach.

4.4. Discussion of charge losses for high intensities

To further study the dependence of the electron losses on pulse number for the irradiated sensor
in the condition ”dried @ 0 V”, the number of eh pairs generated per pulse was varied between
10° and 107. The results are shown in Figure 9. It is observed that the fraction of electrons lost
for the first pulse decreases from ~ 70 % for 10 to ~ 20 % for 107 eh pairs. The explanation for
this dependence is, that the charges deposited in a given pulse already change the local electric
field, and thus already influence the charge collection for this first pulse. It is also observed that
for > 3.6 - 10° eh pairs generated, the electron losses saturate for higher pulse numbers. The
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saturation value decreases from ~ 30 % for 3.6-10° to ~ 2 % for 107. We interpret this as evidence,
that for the high radiation-induced effective oxide charge density and essentially zero negative
charge on top of the SiOs layer, the maximum value of the potential at the Si-SiO; interface is
high and many electrons have to be trapped to significantly reduce the electron losses. From the
decrease of the charge losses for the first pulse with eh intensity, we estimate that of the order of
108 electrons have to be trapped locally in order to reduce the electron losses by about a factor 2.
This number is significantly higher than for the irradiated sensor in conditions ”humid”, where
already electron losses of ~ 10° make a significant difference, or for the electron and hole losses for
the non-irradiated sensor.

5. Summary

Using the multi-channel Transient Current Technique, the currents induced by electron-hole pairs,
produced by a focussed sub-nanosecond laser of 660 nm wavelength close to the Si-SiOs interface
of pTn-silicon strip sensors, have been measured, and charge-collection efficiencies determined.
Sensors, before and after irradiation by 1 MGy (SiOs) X-rays, have been investigated.

For high densities of electron-hole pairs deposited close to the Si-SiOs interface the plasma
effect results in a significant increase in pulse length. However, the number of X-rays required to
generate charge densities in this region so that these effects become significant are too high, to be
of relevance for the AGIPD detector at the European XFEL.

As already reported previously, dependent on radiation dose and biasing history, not all electrons
or holes are collected at the contacts of the sensors within the typical readout integration times
of order < 100 ns, but are trapped close to the Si-SiOs interface. These lost charges result in a
non-steady state of the accumulation layers and the nearby electric fields, which causes a reduction
of the charge losses. The number of trapped charges required to significantly reduce further charge
losses and possibly reach constant values, varies between ~ 10° and ~ 10 in the investigated cases.
The recovery times to steady-state conditions depend on the X-ray dose with which the sensor had
been irradiated.

Qualitative explanations of the findings have been given. Even if the results presented may be
of limited practical relevance for the user of silicon sensors, they provide further insight into the
complexities of the Si-SiO,-interface region of segmented p*n-silicon sensors.
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