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Abstract

This paper reports on measurements at cryogenic temperatures of a silicon microstrip detector irradiated with 24 GeV
protons to a fluence of 3.5x10'* p/cm? and of a p-n junction diode detector irradiated to a similar fluence. At
temperatures below 130 K a recovery of charge collection efficiency and resolution is observed. Under reverse bias
conditions this recovery degrades in time towards some saturated value. The recovery is interpreted qualitatively as
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changes in the effective space charge of the detector causing alterations in the depletion voltage. © 2000 Published by

Elsevier Science B.V. All rights reserved.

PACS: 61.82.Fk
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1. Introduction

This paper overviews some results from the
RD39 collaboration on the cryogenic operation of
irradiated silicon detectors, and the dramatic im-
provements in charge collection efficiency (CCE)
which can be observed at low temperatures, a phe-
nomenon known as the “Lazarus effect” [1]. This
paper is devoted mainly to a discussion of the
regime of irradiation fluences corresponding to
10'* n/cm? of 1 MeV neutrons, and the effects seen
in situations of partial depletion. Results are pre-
sented from a test-beam, performed in collabora-
tion with the DELPHI, LHCb and COMPASS
experiments, which characterise the behaviour at
cryogenic temperatures of a double-sided micro-
strip detector after irradiation with 24 GeV protons
to a fluence of 3.5 x 10'* p/cm?. In the first part of
this paper we present a simple model which
explains qualitatively the behaviour at cryogenic
temperatures of irradiated silicon detectors, and
predicts the consequences for a microstrip detector
for the cluster shapes, or charge distribution on the
strips, on both the ohmic (n) and junction (p) sides
of the detector. We then present the results and
show the agreement with the model. The behaviour
is compared qualitatively to the behaviour of a
p-n junction diode detector irradiated to similar
fluence.

1.1. Radiation damage and strip detectors

The voltage needed to fully deplete a silicon
detector, or “full depletion voltage” V¢q is given by

q 2
Vea = X D* x|N, 1
il P |Nete] (1)
where q is the electron charge, ¢ the permittivity of
silicon, & the permittivity of free space, D the
detector thickness and N the effective doping

density, which is assumed here to be uniform. For
a high-resistivity non-irradiated n-type silicon de-
tector such as is generally used for silicon strip
devices the value of N is positive and between
10*? and 10'3*cm 3. During irradiation the intro-
duction of deep levels modifies the value of N for
a detector under bias, making it progressively more
negative. Up to a fluence equivalent of around
10'3 n/cm? of 1 MeV neutrons the full depletion
voltage falls. When N ~ 0 the detector passes
through a so-called inversion point, where the junc-
tion moves from the p-side to the n-side, after which
the full depletion voltage steadily rises as N be-
comes more negative. The fluence levels discussed
in this paper of around 10'* n/cm? are roughly
equivalent to 10 years of operation at the first
silicon barrel of the ATLAS experiment at the
LHC, or 1 year of operation of the vertex detector
of the LHCb experiment. At these fluences the full
depletion voltages are expected to be between
about 150 and 350 V [2,3], rising by a possible
further 100-200 V after room temperature reverse
annealing effects [2]. The range of values comes
from strong dependences on the silicon producer,
the uncertainties in extrapolating from diode
measurements to strip detectors, and the uncertain-
ties from the frequency at which the classical C-V
measurements are made. In practical terms, it may
be that the full depletion voltage is higher than that
which can be applied. Possible reasons could be
electrical breakdown, thermal runaway, or a higher
than expected radiation environment can cause the
full depletion voltage to exceed the system design.
In such a case, the detector must be operated
underdepleted.

For a strip detector the consequences of under-
depleted operation are loss of efficiency and loss
of resolution, particularly on the p-side. This is
illustrated in Fig. 1 which shows an irradiated par-
tially depleted detector. The electric field gradient
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Fig. 1. Sketch illustrating the accumulated charge resulting
from the passage of a minimum ionising particle (m.i.p.) for
a partially depleted double-sided detector. The total charge
collected on the n- and p-side is the same, and the CCE is equal
to d?/D?, if all the charge loss is assumed to be due to underdep-
letion.

extends from the n-side of the detector through the
active region, dropping to zero at the edge of the
non-depleted layer. The efficiency in this case drops
due to the fact that only the electrons and holes
generated in the active layer contribute to the sig-
nal. In addition, the non-depleted layer for a heav-
ily irradiated detector acts as an insulator for the
current pulse, and the total charge seen on the
detector surface is proportional to the ratio of the
drift distance (or active layer) to the detector thick-
ness [4]. The total charge seen is therefore propor-
tional to (d/D)?, where d is the thickness of the
active layer and D the detector thickness, or to the
depletion voltage V, assuming uniform space
charge. This relation has been demonstrated ex-
perimentally, for instance in Ref. [5].

On the n-side the electrons drift towards the
strips in the same way as for a non-irradiated de-
tector, and the accuracy of the track position
measurement is not reduced. On the p-side, the
strips are separated from the active region by the
insulating non-depleted layer and an image charge
is seen. We postulate in this paper a simple model
that the image charge seen on a strip is inversely
proportional to s> = x> 4+ (D — d)?, where s is the

distance between the strip and the impact point of
the track on the non-depleted layer (see Fig. 1). This
has the effect that the charge is spread over many
strips, particularly if the pitch on the p-side is fine
with respect to the width of the non-depleted re-
gion. In a practical experiment the precise measure-
ment of the cluster shape will be limited by noise
and the resolution will be degraded. In addition,
the efficiency on the p-side can be further affected, if
the signals on individual strips fall below the sig-
nal-to-noise threshold. Note that if there is a drop
in CCE due principally to under-depletion, then
both the shape and the absolute magnitude of sig-
nal on each strip are controlled by one parameter,
the depletion depth. The depletion depth which is
inferred from the cluster shape on the p-side should
agree with the depletion depth measured on the
n-side via CCE = d*/D?, and this is a powerful
cross check. Note that due to this effect the n-side
signal is the most reliable way to compare data
from strip detectors with data from diode detectors.

1.2. Cryogenic operation

There are three principal considerations why
cryogenic operation, which in this paper is to be
understood as temperatures below =~ 130 K, is
predicted to be advantageous.

e At low temperatures one can eliminate the large
leakage current which is generated in irradiated
detectors and which can swamp the signals with
noise and generate heat in the detectors. The
expected reduction of leakage current is about
a factor of 2 for each 5 K drop [6], and for strip
detectors modest cooling is sufficient.

e For irradiated detectors there can be a loss of
signal due to the fact that the signal charge is
trapped in the energy levels, or traps, which
develop after irradiation. The emission time of
the traps 7. depends strongly on the temper-
ature:

Te OC exp% (2)

where AE is the trap level energy relative to the
conduction or valence band, T is the temper-
ature and k the Boltzmann constant. At very low
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temperatures 7. becomes very long compared to
the charge collection time, and the traps can
“freeze-out”, i.e. they are filled by some earlier
charge passage, for instance from the leakage
current, and do not trap the signal charge.

o A further consequence of the “freeze out” of the
traps is that the filling of the traps modifies the
overall space charge and hence the full depletion
voltage. This is illustrated in Fig. 2. Even if the
detector has developed a large and negative
N after irradiation, then by hole trapping
Ner can be made more positive and hence the
full depletion voltage reduced. The mechanism
for the trap filling could be a combination of
cryogenic operation to freeze out the traps, plus
a deliberately introduced hole current, and this
approach has been pursued in Ref. [ 7]. The effect
of the modification of the space charge at low
temperatures is the most important effect dis-
cussed in this paper.

2. Experimental detectors

The DELPHI module used was a half-module of
the 1994 DELPHI [8,9] vertex detector, described
in detail in [10]. The module consisted of two
double-sided AC coupled 5.4x3.2 cm? silicon
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Fig. 2. Sketch illustrating the behaviour of the space charge
during irradiation, and how it might be modified at cryogenic
temperatures by hole or electron trapping.

microstrip sensors, with the p-side reading out the
coordinate along the length of the module, and the
n-side reading out the orthogonal coordinate, with
the signal being routed to the electronics via
a double-metal strip arrangement. The electronic
shaping time used during this experiment was § ps.
The module was irradiated towards the tip to avoid
damaging the radiation-soft electronics [11], hence
the radiation was inhomogeneous and situated
mainly on the sensor furthest away from the hybrid.
On this sensor the strip pitch on the p (n)-side was
25 um (42 um) and the readout pitch was 50 um
(42 pm). The sensor was 310 pum thick. The unbias-
ed detector was irradiated at room temperature
with 3.5 x 10'* 24 GeV protons/cm? in the CERN-
PS. Before the test-beam it was annealed for about
9 days at a temperatures between 25°C and 30°C.
Soon after the irradiation it drew 1 mA at 65 V at
room temperature. The current was re-measured
after 8 months of storage at room temperature and
found to be 20 pA at 250 K with a bias voltage of
90 V.

The diode detector sample described in this pa-
per was a 350 um thick DC coupled-implanted
device processed at BNL.? The sensitive area is
5x 5 mm?, surrounded by a guard ring. The diode
was irradiated uniformly with neutrons at the
TRIGA reactor in Ljubljana, Slovenia to an equiv-
alent fluence of 1 x 10'* n/cm? of 1 MeV neutrons,
and heated to achieve an annealing factor corre-
sponding to about 1 year of room temperature
storage. Using a conversion factor of 0.51 for 24
GeV protons [12,13] this fluence is about half of
the fluence received by the strip detector. Taking
the annealing into account the samples are roughly
comparable.

3. Experimental setups

The irradiated microstrip detector was tested in
a 100 GeV/c muon test-beam. An Oxford Variox
BL beam cryostat consisting of an evacuated insert
in a liquid He reservoir with a shield cooled by

2Brookhaven National Lab, PO Box 5000, Upton, NY
11973-5000, USA.
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liquid N, was used. The detector was mounted
together with a double-sided reference detector in-
side a section protruding below the cryostat and
equipped with thin aluminised mylar windows. The
temperature was monitored with PT100 resistors
placed on the hybrids and on the chamber walls.
The geometry is illustrated in Fig. 3. The test beam

4

Irradiated region

' 100 GeV muon test heam

reference
detector

Fig. 3. Sketch of the test beam setup.
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illuminated a ~ 3 x3 cm? area on the surface of
the sensor, covering the most irradiated region.
Using the reference module and the beam telescope
extrapolation [14] the impact point of the track on
the irradiated detector was known with a precision
of about 5 um (13 pm) for the p-side (n-side) coor-
dinate. A total of about 300,000 tracks were col-
lected. About two-thirds of the data were collected
in a set of 15 min runs at hybrid temperatures
between 117 and 150 K and bias voltages between
10 and 90 V. The remainder were collected in a run
lasting 150 min at a hybrid temperature of 136 K
and a bias voltage of 90 V. The temperature on the
detector was about 4° lower than that on the hybrid.

The irradiated diode was tested using a °°Srf
source inside a vacuum-tight insert within a liquid
nitrogen Dewar vessel [15]. A trigger diode was
mounted behind the irradiated diode. By means
of slow cooling the tests were performed at
temperatures between 77 and 180 K. At higher
temperatures the leakage current was too high to
make measurements.

V=90V T=117K
1.5
g ,_ 0O poljo O b)
T O 1]
i3 L L 0
1.5, ! L L I L
-3 2 1 ) 2 3
cm
g [[Jo0O000o0C d)
© & 00ooc00000d
f oo - ---00 [
o.sE— 0o - nD;D
o;— - e D=§
osk. 00O - - -o000]
t Ooooo0 11
"? O 0d o g
-3 -2 -1 V] 1 2 CH{!
V=70V T=150K

Fig. 4. Efficiency measured in different runs on the p-side of the detector using a cluster search algorithm. The size of the square indicates
the efficiency at that point on the detector surface, with a full square indicating 100% efficiency. A minimum of 10 traversing tracks were
required to give an entry in any bin, and the ~ 3 x 3 c¢m? extent of the test beam can be seen. Where there is no entry it is due to
insufficient statistics, apart from the enclosed area in figure (d) where there are four points of zero efficiency. The run illustrated in figure
(a) lasted for 150 min, and the other runs lasted for about 15 min, hence the better statistics in this plot.
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4. Efficiency and CCE results

The efficiency was measured by applying a clus-
ter search algorithm to the irradiated sensor.
A good cluster was required to have at least one
channel with a signal-to-noise ratio (S/N) greater
than four, with both neighbours having a smaller
S/N. The noise of the DELPHI module was ap-
proximately 1250 (1350) electrons per channel on
the p-side (n-side), hence for a non-irradiated mod-
ule this algorithm gives an efficiency, defined as the
chance that a cluster is reconstructed at the posi-
tion where the track passed through, close to 100%.
The results for the p-side efficiency on the irra-
diated detector are shown in Fig. 4. At a bias
voltage of 90 V and a temperature of 136 K the
behaviour is close to what is expected, showing
a drop in efficiency in the central irradiated region
due to the fact that the bias voltage is insufficient to
deplete the detector in this region.

At a temperature of around 117 K there is a dra-
matic change, and the irradiated part of the de-
tector becomes efficient. Even with a bias voltage of
30 V there is some recovery seen in this region at
the lower temperature. Conversely, going to the
higher temperature, even with a high-bias voltage,
the performance is much worse.

On the n-side a similar behaviour is seen. Here it
is more convenient to present the results in terms of
charge collection efficiency, or CCE, as due to the
fact that the clusters are not spread as the changes
in efficiency are not so dramatic as for the p-side.
The CCE is measured by extrapolating the track to
the module and summing the charge measured in
four strips on either side of the impact point of the
track. The resulting histogram is fitted with a Land-
au smeared with a function to approximate the
noise of the DELPHI module. The CCE is given by
the most probable value of the Landau fit divided
by the calibration value, Co, which is the charge
which is expected to be deposited by a minimum
ionising particle (m.i.p) in a fully depleted non-
irradiated detector. Co is measured independently
for each of the 10 chips using regions far away from
the irradiated regions. The CCE measured on the
n-side is shown in Fig. 5 for two runs correspond-
ing to those illustrated in Fig. 4. At warmer temper-
atures the CCE corresponds to that expected for

Microstrip measurement (n side)
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Fig. 5. CCE measured on the n-side of the detector in the
central, most irradiated region, for two runs corresponding to
Figs. 4 (b) (solid line) and 4 (d) (dashed line). The most probable
peak of the fitted Landau corresponds to CCE measurements of
95% and 50%, respectively.
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Fig. 6. Collected charge in ADC counts measured on the diode
at two different temperatures and at modest bias voltage. The
curves correspond to CCE values of approximately 35% and
80% at 160 and 115 K, respectively.
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a not-fully-depleted detector, while at the lower
temperatures the voltage seems to be sufficient to
fully deplete and collect the full charge.

The CCE on the diode was measured by exposi-
ng the p-side to electrons and selecting minimum
ionising particles using the trigger diode. The signal
was read out from the n-side of the detector via a
decoupling capacitor using a GaAs FET. The charge
signal was shaped with a time of 1 ps and recorded
in a multi-channel analyser. The calibration was
obtained by comparing the signal to that obtained
from a non-irradiated diode of similar thickness
operated above full-depletion voltage. The behav-
iour of the diode at different temperatures is illus-
trated in Fig. 6. A depletion voltage of 100 V is used,
at which the diode is expected to be underdepleted.

However, at the lower temperature a significant re-
covery in charge collection is seen.

5. Cluster shape and resolution results

For each run the cluster shape was measured on
the n and p-sides, for the inner, or most irradiated
region, the outer, or least irradiated region, and the
area lying between. In order to compare with the
p-side cluster model the CCE on the n-side was
used to estimate the depletion depth, and from this
the shape and height of the cluster were predicted.
The results are illustrated in Fig. 7, which shows the
charge collected on the + 1st, + 2nd, + 3rd and

+ 4th strips, normalised to Co, on either side of the
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Fig. 7. Cluster shapes for the data (error bars) on the p-side and n-side, and the p-side model (dashed line). The histograms show the
charge accumulated on the + Ist, + 2nd, + 3rd, etc. strips to either side of the track impact point, divided by the total charge which
a m.i.p is expected to deposit in a non-irradiated fully depleted detector.
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track impact point. For the data the charge was not
measured for strips further away as at this point the
noise dominates. The three areas are shown for the
run at 90 V bias and 136 K, and the most irradiated
area is shown for the run which shows the most
dramatic charge recovery. On the n-side it can be
seen that even when there is charge loss the cluster
remains focused. On the p-side there is good agree-
ment with the model, which predicts that when
there is loss of charge due to non-depletion this
goes hand-in-hand with cluster spread. For the very
cold run charge becomes focused again, in parallel
with the CCE recovery. This behaviour indicates
that the “Lazarus effect” is linked to changes in
space charge and depletion depth.

The resolutions measured correspond to what is
expected from the cluster shapes. On the n-side the
resolution was measured to be close to 12 pm at all
CCE values. This resolution is close to the 9 um
expected for a detector with 42 um strip pitch. On
the p-side, the resolution was found to be 11 pm for
CCE values of close to 100%. However, the resolu-
tion on this side degraded rapidly with a fall in
CCE, exceeding 100 um at a CCE of 20%.

6. Time dependence

Most of the data from the microstrip test beam
were accumulated in relatively short runs of about
15 min. It was however observed that when there is
a CCE recovery, there is also a decay in time of
both CCE and resolution. After periods of between
5 and 20 min, the CCE approached values close to
the values measured at higher temperatures. This
effect was studied in detail in the measurements on
diode detectors. A procedure was established to let
the unbiased diode stabilise for 15 min, after which
the voltage was applied and the measurements
started. In Fig. 8 the CCE is shown as a function of
voltage at different times after the raising of the bias
voltage. At the lower voltages there is a clear decay
in time. For higher voltage however the detector
appears to be fully biased at all times.

Time-dependent effects after changing the bias
voltage have been previously observed and histori-
cally were given the name of polarisation effects
[16]. The time-dependent effects in this case may be

diode measurement
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Fig. 8. CCE as a function of time measured on the diode
detector for three different bias voltages at a temperature of
77 K.

understood as a result of the initial setting of the
space charge after the application of the bias volt-
age moving gradually to a new equilibrium as traps
empty or fill, which may be on very large time
scales due to the long-emission times in the cold.
Work is in progress to try to establish a quantitat-
ive explanation, for instance Ref. [17].

7. Conclusions and prospects

A module from the DELPHI experiment made
with double-sided microstrip sensors has been irra-
diated and tested at cryogenic temperatures. At
temperatures below =~ 130 K and modest bias
voltage there is a striking recovery of the CCE in
the irradiated region, an effect known as the
Lazarus effect. In parallel with the recovery in CCE
the clusters become focused and there is a recovery
in resolution. These effects however decay in time.

The observed effects may be interpreted as cha-
nges in the space charge density. After irradiation
the detector is operating in a regime where it is
partially depleted at 90 V. Changes in the space
charge which lead to the detector becoming fully
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depleted at the same bias voltage lead to dramatic
recoveries in the CCE and resolution. At cryogenic
temperatures the “freeze out” of the traps makes
this space charge modification possible. The time-
dependent effects are interpreted as imbalances be-
tween trap filling rate, which is dependent on
quantities such as leakage current, and trap emis-
sion rate, dependent on temperature. It may well
prove possible to control the “Lazarus effect” and
eliminate the decay in time, and studies are under-
way in this direction, for instance Ref. [7].
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