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Abstract

In this diploma thesis results of life time studies of irradiated Light
Emitting Diodes (LEDs) and Vertical Cavity Surface Emitting
Laser diodes (VCSELs) are presented. Following the encouraging
results obtained in a previous life time test of neutron irradiated
LEDs, we built an automatic measurement system in order to
make long term tests with a large number of irradiated devices
feasible. After the irradiation of about 250 LEDs from two di�erent
manufacturers and about 200 VCSELs with the high uences
anticipated for the inner tracker of ATLAS, we report on the
radiation damage and the conditions required for its annealing. The
life time after irradiation was investigated by operating the devices
at an elevated temperature of 50�C for several months, resulting in
operating times corresponding to up to 45 years of LHC running.



This work is dedicated to my parents
who died much too early for partici-
pating in the outcome of their e�orts.
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Chapter 1

Introduction

In 1994 the European Organization for Nuclear Research (CERN) approved the
Large Hadron Collider (LHC) [1], a new proton-proton collider with a center of
mass energy of 14TeV, which will be operational in the year 2005. This accelerator
will give the opportunity to experimentally verify our understanding of elementary
particle physics at the TeV scale and to search for new predicted particles like the
Higgs boson and super-symmetric particles.

The ATLAS detector is one of the four detectors to be built at LHC. It will
be a general purpose proton-proton detector designed to exploit the full discovery
potential of LHC.

The work presented here concerns the data transmission to and from the Semi-
Conductor Tracker (SCT) of ATLAS. One of the technologies proposed for the data
read-out of the SCT uses optical links based on Light Emitting Diodes (LEDs) or,
as an alternative, on Vertical Cavity Surface Emitting Lasers (VCSELs). Mounted
close to the detector modules, these devices will be subject to high uences on the
order of 1014 charged hadrons and 1014 neutrons per cm2 during ten years of LHC
operation.

While it is well known, that the light output of LEDs may decrease after the
irradiation, little information is available about the aging properties and the life
time of irradiated LEDs. The VCSEL technology emerged recently and is still in
development. Therefore, there are only a few studies on the long term stability of
VCSELs available. The same is obviously true for the radiation hardness and life
time of irradiated VCSELs.

A previous life time test of a small sample of GaAlAs LEDs (manufactured by
ABB Hafo) irradiated with up to 1.4�1014 n=cm2 was performed earlier [2, 3]. In that
test the devices showed an almost complete annealing of radiation induced defects
after the irradiation, and �ve LEDs were operated in an accelerated life time test
without seeing any degradation for a duration which is estimated to correspond to
about 57 years of operation in the ATLAS SCT.

Although these results are very encouraging, higher statistics are necessary in
order to predict the reliability of LEDs used in the SCT, and the conditions required
for the annealing have to be clari�ed. Additionally, the assumption that ionization
e�ects due to charged particles are negligible has to be con�rmed. For this purpose,
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Introduction

the irradiation was not only done with neutrons, but also with protons. In order
to make the measurement of a large number of devices feasible, an automatic
measurement system (the scanning machine) for up to 448 LEDs or VCSELs was
built.

After this introduction, the ATLAS detector and the data transmission system
for the SCT will be described in chapter 2. Irradiation e�ects in semiconductors
and the annealing of radiation induced defects will be discussed in chapter 3. The
scanning machine will be presented in chapter 4 and the devices used in this test
are described in chapter 5. The last two chapters present the results obtained from
the irradiation studies: in chapter 6 the short term annealing will be described and
in chapter 7 the long term behavior during the accelerated aging will be discussed.
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Chapter 2

The ATLAS Detector at LHC

2.1 Introduction

The Large Hadron Collider [1] is a proton-proton collider operating at a center of
mass energy of

p
s = 14TeV and at a design luminosity of L = 1034 cm�2 s�1. It

is located at the Centre Europeen de la Recherche Nucleaire (CERN) in Geneva,
Switzerland, and will be operational in the year 2005. Figure 2.1 shows the layout
of the LHC and the approximate location of the four main experiments ATLAS [4],
CMS [5], LHC-B [6] and ALICE [7]. In addition to its main function as a proton-
proton collider, LHC will provide heavy ion (Pb) collisions at a center of mass energy
of more than 103TeV and at a luminosity of about 2 � 1027 cm�2 s�1.

The ATLAS detector design with its main components | the muon spectrome-
ter, the electromagnetic and hadronic calorimeter, the inner detector and the trigger
system | is described in the Technical Proposal [4] and, in much more detail, in
the Technical Design Reports (TDR) which will be published mostly in 1997.

2.2 The ATLAS Layout

The ATLAS detector is designed to exploit the full discovery potential of LHC. Its
layout is governed by the following criteria:

� very good electromagnetic calorimetry for electron and photon identi�cation
and measurements, complemented by hermetic jet and missing ET calorimetry;

� e�cient tracking at high luminosity for lepton momentum measurements, for
b-quark tagging, and for enhanced electron and photon identi�cation, as well
as tau and heavy-avor vertexing and reconstruction capability of some B
decay �nal states at lower luminosity;

� stand-alone, precision, muon-momentum measurements up to the highest lu-
minosity, and very low-pT trigger capability at lower luminosity.
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CMS
General purpose pp experiment

ATLAS
General purpose pp experiment

LHC-B
B physics experiment

ALICE
Heavy-ion experiment

Figure 2.1: Layout of the Large Hadron Collider (LHC) and approximate
location of the four main experiments ATLAS, CMS, LHC-B and ALICE

Figure 2.2: View of the ATLAS detector in the underground hall [4]
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2.2 The ATLAS Layout

Hadronic Tile
Calorimeters

EM Accordion
Calorimeters

Hadronic LAr End Cap
Calorimeters

Forward LAr
Calorimeters

Figure 2.3: View of the ATLAS calorimeter system [4]

The overall detector layout is shown in �gures 2.2 and 2.3. With an overall
length of � 42m, a diameter of � 22m and a weight of � 7000 tons, the ATLAS
detector is huge even if compared to the largest of today's high energy experiments.

The magnet con�guration is based on two di�erent magnet systems, namely the
super-conducting solenoid around the inner detector cavity and large superconduc-
ting air-core toroids outside the calorimetry for the muon system. This magnet
layout provides a high-resolution, large-acceptance and robust stand-alone muon
spectrometer and gives little constraints on the calorimetry and the inner detector.

The inner detector is contained in a 6.80m long cylinder with a radius of 1.15m
surrounded by a 5.3m long super-conducting solenoid providing a 2T axial �eld for
tracking. Pattern recognition, momentum measurement and vertex detection, as
well as enhanced electron identi�cation are achieved with discrete high-resolution
pixel and strip detectors in the inner part and with a continuous straw-tube tracker
with an integrated transition radiation detector (TRT) in the outer part (cf. sec-
tion 2.3).

The electromagnetic and the hadronic calorimetry occupy the radial space from
1.15m to 4.23m. The electromagnetic section uses lead absorbers and liquid argon
(LAr) as active medium. It is implemented in an \accordion" geometry, both
for the barrel (j�j< 1:4) and for the end-caps (1:4 < j�j < 3:2)1. The hadronic
calorimeter in the barrel region is built up by scintillator and iron absorber tiles

1Directions inside the ATLAS detector are parameterized by the pseudo rapidity � =
� ln tan(�=2) where � denotes the polar angle. The plane perpendicular to the beam direction
is parameterized by the radius r and the azimuthal angle �.
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placed perpendicular to the beam axis. The readout is done by wavelength-shifting
�bers coupled radially to the scintillator planes. This layout combines simple,
low-cost construction with a good performance. At larger rapidity, where higher
radiation resistance is required, the hadronic calorimeter is based on liquid argon as
active material. For 1:5 < j�j < 3:2 parallel copper plates are used as absorbers. For
the highest rapidity region covering 3:2 < j�j < 4:9 a dense forward calorimeter is
used. The whole calorimetry system provides very good jet and Emiss

T performance
of the detector.

The ATLAS calorimeters are surrounded by the muon system. The air-core
toroid system provides a large �eld volume with strong bending power combined
with a light and open structure. Therefore, multiple scattering e�ects are minimized
and an excellent muon momentum resolution is achieved with three stations of high-
precision tracking chambers. In addition, fast trigger chambers are used for a stand-
alone muon-trigger.

2.3 The Inner Detector of ATLAS

2.3.1 Layout

The Inner Detector (ID) of ATLAS will be used to reconstruct the tracks and
any vertices in an event with high e�ciency, and it contributes together with the
calorimeter and the muon systems to the muon, electron and gamma identi�cation.

To achieve this performance, the ID combines high-resolution detectors at the
inner radii with continuous tracking elements at outer radii. The former consist
of the SemiConductor Tracker (SCT) using silicon microstrip technology, and high
granularity silicon pixel detectors. The total number of precision layers is limited
by the power dissipation and the high cost of the readout electronics. Therefore, in
the outer part, the tracking is done with the Transition Radiation Tracker (TRT),
which provides a large number of tracking points with much less material per point
and at lower cost. The combination of these two techniques gives a robust pattern
recognition. In addition, the electron identi�cation capabilities are enhanced by the
detection of transition radiation photons in the straw tubes.

Figure 2.3.1 shows the arrangement of the detectors inside one quarter of the
barrel part, and one of the two identical forward parts on both sides. The SCT is
contained within a radius of 60 cm, followed by the TRT and the general support
and service area at the outermost radius.

The barrel consists of six detector layers arranged on concentric cylinders around
the beam axis covering the region with j�j < 1. The forward detectors are mounted
on disks perpendicular to the beam axis and cover the rapidity region up to j�j < 2:5.
In the barrel TRT the straws are parallel to the beam axis, and in the forward TRT
the straws run in radial directions.
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Figure 2.5: Charged hadron uence
( cm�2 yr�1) in the inner detector [4]

Figure 2.6: Neutron (E > 100 keV)
uence ( cm�2 yr�1) in the inner
detector [4]

2.3.2 Radiation Environment

The inner detector of ATLAS is exposed to intense uences of neutral and charged
hadrons produced in the primary p{p interactions, and albedo neutrons backscat-
tered from the calorimeters. Close to the interaction point, the particle ux is
dominated by charged hadrons (mainly pions) which exhibits a typical 1=r2 depen-
dence, where r is the distance from the beam axis, as shown in �gure 2.5. Such a
behavior is expected for the uence of particles generated at the interaction point
with the expected at dN=d� distribution, where N denotes the number of charged
particles produced. At larger radii the uence of neutrons dominates (cf. �g. 2.6).
These neutrons are scattered many times before being captured and give rise to a
relatively uniform and isotropic \gas" with typical kinetic energies of � 1MeV.

2.4 Data Transmission for the SCT

One SCT detector module consists of two hybrids serving each six microstrip detec-
tors with 128 read-out channels per detector. The hybrids are placed on both sides
of the detector module. The data rate to be read-out from one detector module, i.e.
two hybrids, is approximately 35Mb=s. Each SCT module requires also a data link
for synchronization with the collider (40MHz bunch crossing clock) and for trigger
and control. Obviously, the data links have to be operational for the full life time
of ATLAS, i.e. during ten years, and the material introduced to the inner detector
should be kept as low as possible.

One attractive solution for the data transmission is based on �bre optic links.
This system will be described below. An alternative system is based on miniature
shielded twisted pair cables as proposed for the TRT. It has advantages in cost
and radiation hardness over the optical system, but it lacks the desired electrical
isolation and introduces more material into the inner detector.

8



Figure 2.7: Schematic of the data transmission system showing data ow
and redundancy (adapted from [8])

Figure 2.7 gives an overview of the optical data transmission system. It consists
of three optical �bres per detector module, two for the data readout and one for
multiplexed trigger, timing and control (TTC) signals. The two readout links
operate at 40Mb=s each, providing headroom and redundancy for the data readout.
The SCT will consist of 4088 detector modules, i.e. there will be a total of 12264
�bres leading from the SCT to the counting room.

The data is sent from the SCT detector module through a short at cable to a
nearby optical hybrid, where the electrical signal is converted to an optical one by
LEDs driven by the LED Driver Chip (LDC). The LDC provides two completely
independent circuits, both capable to generate a forward current from zero to 50mA.
Although the normal operating current for the GEC-Marconi LEDs is 20mA, higher
currents are needed for the annealing of radiation damage (cf. chapter 6).

As an alternative to GEC-Marconi LEDs, Vertical Cavity Surface Emitting
Lasers (VCSELs) could be used. However, VCSELs are a very new device type still
under development. For more information about the LEDs and VCSELs proposed
for the optical links see chapter 5.

The trigger, clock and command signals are received by a PIN diode and are
demultiplexed by the DORIC3 chip. Two sets of clock and command outputs are
available. The normal outputs drive the local detector module and the spare outputs
are fed into the adjacent detector module. Both output-paths can be switched on
and o� independently by means of command signals. Therefore, the loss of one TTC
link can be compensated by the adjacent one, which provides some redundancy.

The three �bres from each detector module will be merged into 12-fold radiation
hard �bre ribbons going to optical patch panels between the calorimeters. At this
point the transition to non-radiation hard �bres will be made. These �bres are
running to o�-detector Read-Out Driver modules (RODs), where the optical signals
are reconverted into electrical signals by means of high responsivity silicon PIN
diodes. The optical TTC signals will be produced by a LED in the same ROD and
sent to the detector.
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The major worry concerning the optical data transmission system arises from the
high radiation level in the inner detector (cf. section 2.3.2) imposing high demands
on radiation hardness of the electronics used inside the detector, which applies also
for the components of the optical links. Beside the LED/VCSEL irradiation tests
described in this work, extensive measurements on several types of �bres at high
gamma-ray and neutron uences have been done for commercially available multi
mode and mono mode �bres [9, 10, 11, 12]. Preliminary irradiation tests of PIN
diodes have been done as well and further tests are in progress [13, 14].
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Chapter 3

Irradiation of LEDs

3.1 Overview

In this section a short summary of radiation e�ects in semiconductors will be given.
This issue becomes more important at LHC with its signi�cantly increased lu-
minosity compared to already operational accelerators. Additionally, the signal-
processing electronic is integrated closer to the detectors and therefore close to the
interaction point.

3.2 Radiation Damage in Semiconductors

In spite of the complex interactions of radiation with matter, the interaction of high
energy particles with semiconductors can be classi�ed in three types of e�ects, as
described very nicely in [3, 15]:

1. Transient ionization e�ects. These are the manifestations of electron-hole pairs
created by ionizing interactions and may lead to radiation-induced photo-
currents. These e�ects are very short living and are used to detect the passage
of particles. However, they may lead to single event up-sets in devices relying
on low currents like PIN photodiodes, for example.

2. Long-term ionization e�ects. The electron-hole pairs produced by ionization
in insulators can not recombine as easily as in the semi-conductor material.
This leads to a large concentration of trapping centers and therefore to space-
charge build-up. Space-charge build-up is mainly a problem in devices relying
on insulators or di-electrics where it is revealed by a threshold voltage shift.
The large concentration of trapping centers may also inuence the optical
absorption characteristics.

3. Displacement e�ects (also called bulk damage). These are the manifestations
of the displacement of atoms from their normal sites in the crystal lattice. It
may be caused both by neutral and by charged particles, although for the latter
ionization is the primary e�ect. Bulk damage may also be caused by photons
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Irradiation of LEDs

through high energy electrons created by photo e�ect, Compton scattering
or pair production. Because the degradation of LEDs is primarily caused by
displacement e�ects, it will be described in more detail in the following section.

3.2.1 Displacement E�ects

The displacement damage, also called bulk damage, cannot be measured directly. It
must be determined by measurements of the defect concentration after irradiation or
the impact of these defects on material properties. The generation of displacement
damage can be described in four steps:

1. The incident particle collides with an atom of the semiconductor, the so called
Primary Knock-on Atom (PKA). The energy required to knock it out of its
lattice site is � 25 eV in Si and � 10 eV in GaAs [16, 17]. In the case of high
energy nuclear particles, the collisions may be su�ciently violent to undergo
a nuclear reaction, resulting in a number of fragments of the target atom and
possibly other secondary particles.

2. The PKA will rapidly loose its energy in the vicinity of the primary interaction
site due to both ionization and the displacement of further atoms, eventually
producing a cascade of collision processes. The structure of the defects
produced in silicon by a single PKA was simulated by several authors
[18, 19, 20]. A tree-like structure of relatively isolated Frenkel pairs with
terminal subclusters with a large density of vacancies and interstitials was
found. This is due to the increasing elastic scattering cross section at collision
energies below � 10 keV. These results seem in agreement with transmission
electron microscopy studies, where no evidence for larger disordered regions
was found in neutron irradiated silicon [21].

3. After the initial displacement damage occured during the short collision time
scale of about 10�14 s to 10�12 s [19], thermally activated motion causes rear-
rangements of the lattice defects and a considerable amount of annealing at
room temperature takes place. This short term annealing occurs typically in
less than one second. Some of this rearrangement is inuenced by impurities
present in the material prior to irradiation.

4. The thermally stable defects, including di-vacancies, vacancy-impurity comple-
xes and larger clusters, inuence the properties of the semiconductor material
and thus of the device function. The nature of these defects can be investigated
e.g. with Deep Level Transient Spectroscopy (DLTS) [22, 23].

12



3.2 Radiation Damage in Semiconductors

3.2.2 Non-Ionizing Energy Loss

The di�erent defect types introduced by the bulk damage might be expected to
have di�erent probabilities for their formation depending on the type and energy
of the incident particle. However, it has been observed that the degradation due
to displacement damage of a given semiconductor device is primarily a function
of the non-ionizing energy loss (NIEL). This observation (commonly referred to as
the NIEL hypothesis) implies that the defects produced act as individual atomic
defects [21, 24]. Although some deviations of measured device degradation from
the one expected according to the NIEL hypothesis have been reported [25]{[27],
the NIEL hypothesis has been veri�ed experimentally over a wide range of energies,
for di�erent incident particles, for silicon and to a somewhat less degree for GaAs
[25]{[30].

The NIEL for a particle passing through matter is given by [31]

dE

dx N
=
X
Z;A

Z
Er

Na

A0

d�

dEr

L(Er) dEr (3.1)

where Na and A0 are Avogadro's number and the atomic weight of the medium,
d�=dEr is the di�erential cross section to produce a recoil fragment with energy Er

of atomic weight A and atomic number Z, and the function L(Er) is the Lindhard
partition function [32], which gives the fraction of the recoil energy Er that contri-
butes to displacement damage.

Extensive calculations have been performed for silicon [17, 28, 33, 34] and for
neutrons in GaAs [17, 28]. The authors in [31] used these results to calculate the
NIEL in GaAs for ISIS neutrons and for 24GeV protons. Table 3.1 summarizes
their results and gives relative NIEL values compared to 1MeV neutrons.

Irradiation 1MeV ISISa 24GeV 300MeV
type neutrons neutrons protons pions

Material Si GaAs Si GaAs Si GaAs Si GaAs

NIEL
( keV cm2= g)

1.7 0.55 2.0 0.9 1.0 2.9 1.9 3.6

Ratio to 1MeV
neutrons

1.0 1.0 1.2 1.6 0.59 5.3 1.1 6.5

Ratio to
24GeV protons

1.7 0.2 2.0 0.3 1.0 1.0 1.9 1.2

Table 3.1: NIEL values for Si and GaAs for di�erent particles and
energies from [31] and references given therein. The accuracy of
NIEL for neutrons is � 10% and for protons uncertainties on the
order of a factor of 2 are not unlikely.

aThe irradiation facility at the Rutherford Appleton Laboratory (RAL) is called ISIS.
The neutron energy spectrum is shown in �gure 4.8.
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Irradiation of LEDs

3.2.3 Damage Constants

The radiation induced displacement damage may introduce additional states within
the forbidden bandgap of the semiconductor. They act as nonradiative recombina-
tion centers competing with radiative centers for minority carriers. Therefore, the
minority carrier lifetime � is reduced by [35]

1

�
=

1

�0
+
X
i

vth�ini (3.2)

where �0 denotes the pre-irradiation minority carrier lifetime, vth the average thermal
velocity of the minority carriers, ni and �i the density and capture cross section,
respectively, of the recombination centers of a given type i, and the sum extends over
the di�erent types of radiation induced defects. As long as there is no signi�cant
overlap of the defect regions produced by the individual incident particles, the initial
defect density will be proportional to the particle uence �:

ni = ci� (3.3)

where the coe�cient ci stands for the density of particular defects per unit uence.
De�ning a damage constant K,

K � vth
X
i

ci�i (3.4)

equation 3.2 can be written as

�0
�
= 1 + �0K� (3.5)

The ratio �0=� of the minority carrier lifetime before and after the irradiation can be
related to the relative light output after irradiation assuming that the total current
density in the junction is dominated by di�usion currents [36]:

�
P0

P

� 2

3

=
�0
�

(3.6)

Thus, the parameter k � �0K can be calculated from the relative light output (RLO)
of the devices after the irradiation with a total particle uence �:

�
1

RLO

� 2

3

=
�
P0

P

� 2

3

= 1 + k� (3.7)

Therefore, if the product k� is signi�cant compared to 1, the light output will
decrease substantially. According to the NIEL hypothesis, one expects that k scales
with the NIEL (cf. section 3.2.2). In section 6.2 the parameter k will be determined
for ISIS neutrons and 24GeV protons from our data. The result obtained supports
the NIEL hypotheses and agrees well with the NIEL ratios given in table 3.1.

During the annealing (cf. section 3.3), the di�erent defect concentrations will
change: some are repaired by current injection, others recombine to stable defect
clusters. Therefore, the damage parameter k will change during the annealing
(cf. section 6.2).

14



3.3 Annealing

3.3 Annealing

Defects which are stable at room temperature may be annealed under forward
current (injection annealing), because electron-hole recombinations at a defect can
increase the defect's mobility. For the same reason, less degradation may be observed
for open-circuit irradiation than for short-circuit irradiation or for irradiation under
reverse bias, since in the former case the electron-hole pairs generated during the
irradiation recombine within the device and may contribute to the annealing [37].

Thermal annealing of LEDs was reported, but it seems to require a temperature
above 200�C for the annealing of defects which are stable at room temperature
[16, 38].
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Chapter 4

Experimental Procedure

4.1 Introduction

The aim of the present work is to investigate the impact of radiation induced defects
on the light output and the life time of a large number of LEDs and VCSELs. For
this purpose, an automatic measurement system, called the scanning machine, was
built. Before the irradiation, the devices were temporarily installed in the scanning
machine for measuring the light output as a function of the forward current and
the operating temperature. Some of the LEDs were subjected to a burn-in treat-
ment at 50mA and 50�C before the irradiation. After the irradiation, the devices
were reinstalled in the scanning machine. After a �rst measurement at the default
conditions (cf. table 5.2), the devices were operated at di�erent forward currents
and at either +10�C or �10�C for several days or weeks in order to investigate the
annealing behavior. For the estimation of the reliability of the irradiated devices,
the devices were operated for several months at an elevated temperature of 50�C in
order to accelerate the aging.

4.2 The Scanning Machine

In the previous life time test of irradiated LEDs [2, 3] measurements were made with
a semi-automatic measurement system on expensive pigtailed devices where the use
of optical patch cables implied a lot of manual work. In order to avoid this kind of
problems, in the present study unpackaged devices were tested without using optical
�bres by moving an optical receiver directly in front of the devices. This procedure
allowed the construction of a fully automatic system, called the scanning machine.
It provides space and driver circuits for 448 LEDs or VCSELs. A picture of the
scanning machine with its electronics and with the data acquisition system is shown
in �gure 4.1.
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Figure 4.1: The Scanning Machine installed in the laboratory (right) and
its associated electronics (left)
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Figure 4.2: Longitudinal sectional view of the scanning machine with the
longitudinal (x) and transverse (y) shifter. The shifter moving in the longi-
tudinal direction is shown both at the leftmost (shaded) and at the rightmost
(dashed lines) position. The transverse shifter carries two PIN diodes and
receiver boards.
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4.2 The Scanning Machine

Figure 4.3: Temperature controlled support (block) with eight modules
installed, each one carrying eight ABB Hafo LEDs

4.2.1 Layout

A longitudinal view of the scanning machine is shown in �gure 4.2. It is based on
two shifters running in the longitudinal and transverse direction, respectively. The
transverse shifter carries two optical receiver boards, each with an individual PIN
photodiode, which is placed at a distance of a few mm from the LEDs. By moving
the PIN diode to the position yielding the maximum signal below a given LED, the
measurement of the light output is reproducible to a few percent.

Eight LEDs or one 20-fold VCSEL array are mounted together on one ceramic
board, called module. A picture of a module for each type of device is shown
in �gure 5.1. Modules are mounted in groups of eight on temperature controlled
supports, called blocks (shown in �gure 4.3), facing downwards to the PIN diode.
The modules provide the electrical, mechanical and thermal contact of the LED or
VCSELs with the block. The electrical contact is achieved by special connectors
to passive electronics boards for signal termination, and from there via at ribbon
cables to the driver boards located outside of the scanning machine. The mechanical
�xation consists of two guiding screws, de�ning the sideward position, and of the
electrical connector with a precise counterpart pressing the module on the support
block. This construction allows for easy mounting and dismounting of the modules
and assures a su�ciently reproducible positioning of the LEDs before and after
the irradiation. The distance between the LED and the PIN diode is de�ned by
mechanical pieces which can be adjusted for each block as needed.

In the scanning machine, there is space for seven temperature blocks. Each
one can be set individually to a temperature ranging from �10�C to 50�C, using
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Peltier elements for cooling or heating. In order to protect the LEDs from ice
and condensation, the humidity inside the scanning machine must be kept low.
Therefore, the scanning machine provides a tight volume with a nitrogen atmos-
phere.

Each LED has its own computer controlled driver circuit which allows to set the
forward current between 0mA and 100mA, and to switch individual LEDs on, o�
or to pulsed mode.

4.2.2 Hardware

A schematic layout of the data acquisition hardware used for the scanning machine
is shown in �gure 4.4. The hardware consists of a VME crate housing an OS/9
system, a Greenspring 16-bit ADC card, and a GPIB interface for remote control of
a LeCroy 9450 digital 350MHz oscilloscope. The operating parameters such as PIN
diode position, LED forward current and continuous or pulsed operating mode are
transmitted via CAMAC input/output registers on a simple bus system (HEBus)
developed at the University of Bern.

The measurement of the LED characteristics and of the operating temperature
of the devices is performed by the 16-bit ADC card via an ADC adapter placed in
a NIM crate. The ADC adapter provides suitable connectors and �ltering for the
di�erent input paths. The oscilloscope is used for fall and rise time measurement of
LEDs.

In the following, the main parts of the hardware will be described. The PIN
diodes is moved by two shifters to the LED/VCSEL of interest in order to measure
the light output. The measured signal is ampli�ed and converted by the ADC. In
order to eliminate fast noise the signal is �ltered before it is fed into the ADC.
The electronic boards supply the DC or pulsed current for the operation of the
LEDs/VCSELs and provide multiplexing of the forward voltage and current of the
individual devices. The environment control stabilizes the temperature of the devices
and measures the humidity inside the scanner.

Shifters and PIN Diode The two PIN diodes and the corresponding receiver
boards are mounted on the transverse shifter which in turn is placed on the longitudi-
nal shifter. This setup allows to position the PIN diode below any device mounted in
the scanning machine. Both shifters are controlled by a dedicated control unit. The
two independent shifter positions are set via the �rst HEBus. The position of the
two shifters is measured with an incremental encoder placed on the shifter spindle
in steps of 0.04mm for the transverse and 0.1mm for the longitudinal shifter. The
motors can be driven in a slow or a fast mode. The reproducibility of the positioning
of both shifters corresponds approximately to one encoder step which does not a�ect
the measurement of the light output considerably.

Electronic Boards are placed on both sides of the scanning machine. There are
two identical boards for each block, i.e. one board drives four modules with a total
of 32 LEDs. These boards are able to supply for each module a programmable
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scanning machine
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current, and to pulse or to switch on and o� individual LEDs. Further, there
is a measurement circuit for the LED forward current and the forward voltage.
These values are multiplexed into and converted by the ADC. The pulsed mode is
controlled by an external NIM pulse and provides current switching times of about
0.7 ns. These pulses are used to measure the fall time and the rise time of the light
output. The electronic boards as well as the multiplexer are controlled through the
second HEBus.

Environment Control Each block has its own temperature setting and control.
The temperature is regulated by Peltier elements and controlled by two individual
temperature sensors. The temperature is set manually at the temperature control
unit. An additional temperature sensor is placed near the PIN diode in order to
measure the temperature of the PIN diode and the adjacent pre-ampli�er. The
humidity inside the scanner is measured with a humidity meter. All these values are
measured with the ADC. The temperature blocks are cooled either by a ventilator
or by water, depending on the operating temperature.

4.2.3 Online Software

The software for data acquisition and hardware control was written in C++ in a fully
object oriented way and runs on the OS/9 system. A schematic overview of the data
and control ow between the di�erent components of the DAQ system is shown in
�gure 4.5. The main control of all activities is performed by a so called leddaemon,
which handles the requests from several user interfaces and from the measurement
scheduler on one side and the measurement and control program on the other. The
leddaemon is addressed by a memory resident command handler which assures that
only one user at a time is able to have control over the leddaemon.

The User Interface The user interface is based on a menu system which gives
full control over the measurement process, the hardware con�guration and important
environment issues. The interface is separated into two parts: the daily used part
consisting of data monitoring, measuring and environment checks on one side, and
the expert part addressing hardware con�gurations, software controls and debugging
on the other. The latter part is normally hidden from less experienced users.

Measurement and Control The measurement and control algorithms mirror the
hardware layout with temperature blocks, ceramic modules and single LEDs. Each
of these elements is represented by a C++ class with the corresponding control and
measurement functionality. Each class is included in the corresponding parent class,
i.e. the class LED is included as eightfold array in the parent class module which in
turn is included as eightfold array in the parent class block. All seven block classes are
joined in the main class scanner, corresponding to the whole scanning machine. All
functionalities are addressed via a memory resident module, called shared scanner,
which feeds the commands recursively through the hierarchical structure. The actual
hardware con�guration of the scanning machine is stored in a con�guration �le
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which includes also the last measurement values. This �le is read whenever the
system is initialized, and it is rewritten after each measurement. Therefore, at all
times it represents the actual con�guration and can be used to restore the scanner
con�guration in case of a crash.

Data logging The measurement data acquired and all messages released by the
scanning machine are managed by the logger. The logger writes the messages and the
data into a log �le. This log �le is automatically updated whenever new information
is available. The messages are displayed on a console in order to give an immediate
feedback to the user. Important error messages are also written into a special error
�le.

Service classes At the lowest level there are several classes handling the real
hardware interactions. These classes are mostly split into two sub-classes: an
unspeci�c class concerning basic issues of the hardware used which is now available
as a library for further experiments, and a corresponding class which adds the
functionalities speci�c to this particular experimental setup.

4.2.4 O�line Software

The log �les generated by the online software on the OS/9 are transfered automa-
tically each hour to a Sun workstation. This machine extracts the measurement
data from the automatically generated log �les and checks for errors or unexpected
measurement values. All error messages are forwarded by e-mail to the user(s)
currently responsible for the operation of the scanning machine. The data is �lled
together with dosimetry information and various normalization values into Ntuples1.
The normalization values (cf. section 4.3.3) are calculated from the measured data
and written into conversion databases. Figure 4.6 shows the schematic data ow
for the o�line processing. The data analysis and display is mainly done with PAW
macros.

1We use the hbook program library, a subroutine package to handle distributions (histograms
and data Ntuples) in a Fortran scienti�c computing environment like the Physics Analysis
Workstation (PAW). These programs are all part of the CERN Program Library [39, 40].

24



4.3 Measurement Algorithm

PAW
kumacs

config
files

ledconvert

Dosimetry
data

conversion
databases

special
datafiles

Ntuples
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4.3 Measurement Algorithm

The measurement functionality incorporated into the scanning machine splits into
three parts:

Standard measurement of individual devices For each LED/VCSEL the
forward current, the forward voltage and the light output can be measured automa-
tically using the 16-bit ADC. Such measurements are performed on a regular basis
and can be done for di�erent prede�ned forward currents. Upon request of the user,
additional measurements of the fall and rise time can be made with the oscilloscope.

Special measurements The light output vs. current (L-I) and the voltage vs.
current (V-I) curves can be acquired, the lateral light output pro�le of the device,
the so called light cone, can be scanned with the PIN diode and the position of the
maximal light output can be determined. These measurements are performed for
the pre-irradiation characterization of the devices and later on when necessary.

Environment measurements include the measurement of the temperature of
all blocks, the temperature of the PIN diode and the humidity inside the scanning
machine. These measurements are made before a standard measurement is initiated
and on user request.
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4.3.1 The Standard Measurement

For the standard measurement, the forward current, the forward voltage and the
light output is measured at the previously determined position of the maximal light
output (cf. section 4.3.2.3). Measurements can be done for several prede�ned forward
currents.

The algorithm for this task is optimized to operate the device as short as possible
during the measurements. This is important for the �rst few measurements made
after the irradiation, when a fast annealing under forward bias is expected. However,
due to the �lter used to eliminate the high frequency noise of the PIN diode, it takes
a couple of ms until the voltage measured by the ADC reaches its maximal value.
Therefore, the measurement of the light output is performed 20ms after the device
is switched on. In order to have a consistent measurement of the forward current
and voltage, these measurements are performed after 20ms, too. Between these
measurements, the device is turned o� for a few milliseconds in order to measure the
bias value. Further, this intermediate time is used to compare the actual measured
value with the previous value and to issue a warning if this value di�ers more than
a prede�ned amount.

In addition to the measurement of the light output, the forward voltage and
the forward current with the ADC, the fall and rise time can be acquired by the
oscilloscope. During this measurement the LED is switched to the fast current pulse
mode for about 30 { 45 seconds. This time is needed for automatically adjusting
the measurement range of the oscilloscope, for averaging the waveform and for noise
subtraction if necessary. The intrinsic fall time of the measurement system, which
includes the current switching time, the response of the PIN diode and ampli�er as
well as the bandwidth limit of 350MHz of the oscilloscope, is about 2.1 ns.

For each measurement a data string is written into the log �le. The data string
contains an identi�cation number and the actual position of the device inside the
scanning machine, the accumulated operating time, the temperature of the device,
and the actual measured forward current, forward voltage, the light output and the
fall and rise time if measured. Additionally, the pre-irradiation values are stored
together with the actual values in order to provide a direct comparison.

4.3.2 The Special Measurements

4.3.2.1 I-V and L-I scans

The forward current vs. voltage (I-V) and light output vs. forward current (L-I)
scans are initiated on user request. The user can specify the forward current range
which will be scanned. As described in section 4.3.1, the measurement of the light
output and of the forward voltage is performed 20ms after the device is switched
on. After the measurement at a given forward current, the device is switched o� for
one second in order to eliminate any e�ects from thermal heating before the next
measurement at the higher current is initiated. The result of these measurements is
stored in separate data �les, i.e. is not included into the log �le.
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4.3.2.2 Light Cone Scans

The idea of the light cone scans is to measure the lateral pro�le of the emitted light,
i.e. the light output at a large number of points in a rectangular region around the
maximal light output measured. A sample of a light cone scan for a GEC-Marconi
LED is shown in �gure 4.7.
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Figure 4.7: Sample of a light cone scan of a GEC-Marconi LED (before
irradiation)

4.3.2.3 Position of the Maximal Light Output

In order to determine the position of the maximal light output of a given device,
the following strategy is used:

In a �rst step, both shifters are moved to the position where the maximal light
output was seen in the previous search2 and the light output is measured. Then both
shifters perform alternatively the following procedure: �rst the transverse shifter
moves by � 1mm to one side and measures the light output. If this value is higher
than the highest one measured so far, it stays there. Otherwise, this shifter moves
the same distance to the opposite side of the starting point and remeasures the light
output. If the light output is again lower than the highest one measured so far, the
shifter returns to the original position. Otherwise it keeps its position. Then, the
longitudinal shifter performs the same procedure and the moving distance is reduced
by a factor of two. This is done until the moving distance is below one encoder step
of 0.1mm for the longitudinal shifter and 0.04mm for the transverse shifter. The
new maximum position is compared to the initial one and a new complete maximum
search is performed if the distance between these two points is larger than 0.8mm.
This algorithm �nds the position of the maximal light output even if it is some
millimeters away from the starting point. Of course, there are some checks added in
order to prevent an endless loop. For example, the procedure is aborted if there is
no light seen at all or if a well de�ned maximum is not found after three full cycles.

2The initial position of a newly inserted device is calculated from the geometry of the scanning
machine. Irradiated devices are inserted at the same position where the pre-irradiation measure-
ments were performed, eliminating the need of a maximum search before the �rst measurement.
The e�ective position of the maximal light output is determined later on and the �rst measurements
are corrected accordingly.
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4.3.3 The Normalization of the Light Output

The light output of LEDs and VCSELs depends on the forward current and the
operating temperature. In order to have at any time, independently of the actual
operating temperature and forward current, a measure of the light output, the o�line
software (cf. section 4.2.4) normalizes the light output measured to the default
operating conditions of a given device (cf. table 5.2). Thus, the normalized light
output of irradiated devices can be directly related to the pre-irradiation measure-
ments made at the default conditions. The resulting relative light output (RLO) is
more or less3 independent of higher forward currents (used during the annealing)
and of higher temperature (used during the aging).

The dependence of the light output on the forward current is measured before
and, if necessary, after the irradiation. This data is �tted with second order poly-
nomial functions and the �t parameters are stored in a conversion database. For the
dependence of the forward voltage Ufwd on the temperature T only pre-irradiation
data acquired at the default current and at di�erent temperatures is used. The
light output of LEDs as function of the temperature is �tted with a linear function,
whereas for the VCSELs a straightforward temperature correction is not possible
(cf. section 5.3.1).

For a better correction of thermal e�ects in LEDs, the junction temperature of
the device is calculated. For this purpose, for about half of the LEDs an individual
thermal resistance, i.e. the dependence of the forward voltage from the junction
temperature, is determined. This is done by operating the device for �ve minutes
at an elevated forward current of 50mA for heating the junction up. The power
dissipated in the junction is measured by the product of the forward voltage times the
forward current. After this heating period, the forward current is lowered to 10mA.
The forward voltage over the still heated junction is measured immediately and after
two minutes when the junction temperature has dropped to the value corresponding
to the power dissipation at 10mA. Therefore, the di�erence between these two
forward voltages �Ufwd corresponds to the di�erence �P in power dissipation at
50mA and at 10mA. By using the measured dependence of the forward voltage
from temperature, @Ufwd=@T , the thermal resistance is derived as

Rthermal =
1

�P
� �Ufwd

@Ufwd
@T

(4.1)

The junction temperature can then be calculated as

Tjunction = Tblock + (Rthermal � Ifwd � Ufwd) (4.2)

For those LEDs where no individual measurement of �P and �Ufwd is available,
the mean value of the thermal resistance for the corresponding device type is used
(cf. table 5.2). The error introduced by this procedure is negligible.

3The deviation of the RLO due to normalization errors is a few percent in the case of the LEDs.
Due to the uneven temperature dependence of VCSEL, the normalization does not work well for
VCSELs.
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4.3.4 Light Output into an Optical Fibre

Due to the fact, that we use unpackaged devices with no �bres attached, we can
only measure the light output with the PIN diode inside the scanning machine. In
order to obtain a more signi�cant measure of the optical power, a few devices of
each kind were operated on a test bench and their light was manually coupled into
a 50/125 multi mode �bre by adjusting the �bre with respect to the device until
the maximum light output was yielded. The light output at the end of the �bre
was measured with a calibrated optical receiver. This value compared to the light
output measured in the scanning machine gives a calibration factor for each kind
of device. However, this procedure of active alignment is not very representative
for packaged devices where the �bre is aligned passively to the LEDs. Comparing
our value with the measured light output power of 20 packaged GEC LEDs [14] we
found a reduction of light power due to passive alignment of about 20%. Therefore,
the calibration factors for all devices given in table 4.1 are reduced by this factor in
order to account for the passive alignment.

The large di�erence in the calibration factors for the ABB Hafo and GEC-
Marconi LEDs is mainly due to the di�erent distance of the LED from the PIN
diode.

Calibration Factors

number of manually calibration factor
device type

measured devices (�W=mV)
ABB-Hafo LEDsa 5 0:024

GEC-Marconi LEDs 8 0:083
VCSELs
Ith ' 2mA

1 0:15

aThe measurement was done with irradiated devices

Table 4.1: Calibration factors used to correlate measurements done with
the scanning machine to the light output power coupled to passively aligned
50/125 multi mode �bres

4.4 Irradiation

The devices were irradiated with either neutrons or protons with uences up to
5�1014 n=cm2 and 4�1014 p=cm2, respectively. The neutron irradiation took place in
the ISIS irradiation facility at the Rutherford Appleton Laboratory (RAL) [41]. The
ISIS facility is a spallation neutron source, where protons, which are not trapped
by the RF during the acceleration cycle, are stopped by a graphite block backed
with copper. The neutron energy spectrum is shown in �gure 4.8. The /n and the
p/n uence ratios are about 10% and 10�3, respectively [42]. The neutron ux is
rather low, varying between 1:5 � 1012 and 4:3 � 1013 n cm�2 day�1 depending on the
operating conditions of the proton synchrotron and the position of the samples. In
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No. of
Device type

Fluence (1014n= cm2)
devices > 10 keV < 10 keV

15 ABB Hafo LEDs 0.85 � 0.12 26.9 � 0.5
23 ABB Hafo LEDs 3.2 � 0.5 42.1 � 0.7
16 ABB Hafo LEDs 5.3 � 1.8 33.9 � 0.6
29 GEC-Marconi LEDs 0.77 � 0.12 15.3 � 0.3
27 GEC-Marconi LEDs 4.4 � 0.5 19.2 � 0.4
47 VCSELs (Ith ' 2mA) 0.77 � 0.12 15.3 � 0.3
31 VCSELs (Ith ' 2mA) 4.4 � 0.5 19.2 � 0.4
14 VCSELs (Ith <� 1mA) 4.4 � 0.5 19.2 � 0.4

Table 4.2: Overview of neutron irradiated LEDs and VCSELs and of
the uences reached. All devices listed in the table were irradiated with
� 1MeV neutrons at the RAL ISIS facility, where the dosimetry was done
separately for the � 1MeV (E > 10 keV) and for the thermal background
neutrons (E < 10 keV). Since the contribution of thermal neutrons to the
displacement damage in GaAs is small compared to the one of � 1MeV
neutrons, the thermal neutron uence was neglected (see text). All devices
were not operated during the irradiation.

addition to the � 1MeV neutrons, there is a large background of thermal neutrons
which, according to NIEL calculations [17], cause about two orders of magnitude
less displacement damage in GaAs than 1MeV neutrons. For most of the neutron
irradiations done at ISIS, the contribution of the thermal neutrons to the total
displacement damage is estimated to be less than � 5%, and, in the case of the
devices irradiated with the most unfavorable ratio of fast to thermal neutrons, less
than 10%. Given an uncertainty of the dosimetry of typically 15%, the contribution
of the thermal neutron background was neglected.

For the proton irradiation we used the facility provided at the CERN PS
in the East Hall. The proton energy is 24GeV and uences of approximately
1014 p cm�2 day�1 are available. The protons are extracted from the PS and are
therefore delivered in bunches of � 1011 protons every 14 seconds. Our devices
were mounted one behind the other in slide holders aligned to the beam axis. The
dosimetry was done with activated aluminum foils, placed in front and at the end
of our devices, which were lined up in the slide holder. The major problem was the
rather large extent of about 2 cm of our devices in the transverse direction. The beam
does cover this area, but it was not always uniform over the whole area. Therefore,
the uence measured in the center of our modules has to be folded with the beam
pro�le measured in front of the devices. This procedure leads specially for the �rst
proton irradiation to rather large uncertainties concerning the individual uence
received by each LED. We addressed this problem later on with more accurate
beam pro�les and more than one aluminum foil placed not only in the center, but
also in the outer part of our devices.
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4.4 Irradiation

Figure 4.8: Neutron energy spectrum at the RAL ISIS facility, for three
di�erent distances from the target [41]

The irradiation of the devices took place at room temperature and no measure-
ments were made during the irradiation. After the irradiation period of typical a
few days for the proton irradiation and some weeks for the neutron irradiation, the
devices were stored for some weeks in order to reduce their activity.

The neutron irradiated devices were unbiased and open circuited. About half
of the proton irradiated devices were operated in a pulsed mode at approximately
the default operation current with a duty cycle of 25%. Four ABB Hafo LEDs
were operated with 10mA DC forward current. The rest of the devices was o�
and unconnected. Tables 4.2 and 4.3 summarize the neutron and proton irradiation
conditions and the uence ranges for the di�erent devices, respectively.

31



Experimental Procedure

No. of
devices

Device type
Operation mode
during irradiation

Fluence
(1014p= cm2)

35 ABB Hafo LEDs o� � 0:1 � 1:6
4 ABB Hafo LEDs DC (10mA) � 0:7 � 1:3
26 ABB Hafo LEDs pulsed (10mA) � 1:4 � 2:2
26 GEC-Marconi LEDs pulsed (18mA) � 1:7 � 2:6
25 GEC-Marconi LEDs o� � 1:7 � 2:6
7 GEC-Marconi LEDs pulsed (20mA) � 1:2 � 2:2
7 GEC-Marconi LEDs o� � 1:2 � 2:2
7 GEC-Marconi LEDs pulsed (20mA) � 2:5 � 4:8
7 GEC-Marconi LEDs o� � 2:5 � 4:8
4 VCSELs (Ith ' 10mA) pulsed (18mA) 2:1 � 0.2
9 VCSELs (Ith ' 10mA) o� 2:1 � 0.2
16 VCSELs (Ith <� 2mA) o� 2:1 � 0.2
19 VCSELs (Ith ' 2mA) pulsed (4mA) 1:8 � 0.2
17 VCSELs (Ith ' 2mA) o� 1:8 � 0.2
15 VCSELs (Ith ' 2mA) pulsed (4mA) 3:7 � 0.3
15 VCSELs (Ith ' 2mA) o� 3:7 � 0.3
3 VCSELs (Ith <� 1mA) pulsed (2mA) 3:7 � 0.3
4 VCSELs (Ith <� 1mA) o� 3:7 � 0.3

Table 4.3: Overview of proton irradiated LEDs and VCSELs, of the
operating conditions during the irradiation, and of the uences reached.
All devices listed in the table were irradiated with 24GeV protons at the
CERN PS. The error on the dosimetry is about 10% and is mainly due to
uncertainties of the beam pro�le.
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Chapter 5

Devices

5.1 Overview

We used for our test two types of Light Emitting Diodes (LEDs) from ABB Hafo
(Sweden) and from GEC-Marconi (U.K.), respectively, and Vertical Cavity Surface
Emitting Laser Diodes (VCSELs) from Sandia National Laboratory, Albuquerque
(NM, USA). An overview of the devices is given in table 5.1. Except for the di�erent
packaging, the ABB Hafo LEDs are identical to those used in the previous life
time test [2, 3], where they showed an excellent radiation hardness under neutron
irradiation. The GEC-Marconi LEDs are custom devices, which were developed
together with a dedicated radiation hard package for possible use at LHC. The kind
of VCSELs which we used is still under development and we tested devices from four
di�erent production lots. A picture of the di�erent devices mounted on the ceramic
boards used in the scanning machine is shown in �gure 5.1.

Before any irradiation was done, the devices were installed in the scanning
machine (cf. section 4.2) and an initial characterization of the devices was performed.
The default measurement conditions and the electrical characteristics of the devices
are summarized in table 5.2 and are described in this chapter in more detail.

5.2 Light Emitting Diodes

One possibility for the read-out of the SCT is the use of optical links with radiation
hard LEDs as emitters (cf. section 2.4). The light of the LEDs will be coupled
to multi mode �bres and transmitted to the o� detector receivers. In order to
obtain a su�cient S/N even after ten years of operation at LHC, the LEDs will
be screened out in order to yield more than 10�W of optical power into a multi
mode �bre [8]. However, in the test presented in this work a minimal yield of
only 5�W optical power (coupled into a 50/125 multi mode �bre at the default
measurement conditions) was required, in order to attain higher statistics with the
devices available for testing.

33
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No. of
devices

Description Manufacturer Comments

single device,
144 GaAlAs LEDs ABB Hafo (Sweden)

no longer produced
single device,

320 GaAlAs LEDs GEC-Marconi (U.K.)
custom manufactured

GaAs/GaAlAs
60 VCSELs

Sandia National twenty-fold arrays,

Ith ' 10mA
Laboratories (USA) in development

GaAs/GaAlAs
440 VCSELs

Sandia National twenty-fold arrays,

Ith ' 2mA
Laboratories (USA) in development

GaAs/GaAlAs
40 VCSELs

Sandia National twenty-fold arrays,

Ith <
�
2mA

Laboratories (USA) in development

GaAs/GaAlAs
60 VCSELs

Sandia National twenty-fold arrays,

Ith <
�
1mA

Laboratories (USA) in development

Table 5.1: Devices available for the irradiation studies presented in this
work. The number of devices stated is the nominal number of devices
available, including unconnected VCSELs, devices which were not working
initially, and which were not tested due to space constraints in the scanning
machine.
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5.2 Light Emitting Diodes (LEDs)

Figure 5.1: Devices mounted onto the ceramic boards used in the scanning
machine. Top: eight ABB Hafo LEDs with micro lenses (dark spots); middle:
eight GEC LEDs; bottom: one twenty-fold VCSEL array with two times eight
connectors.
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5.2 Light Emitting Diodes (LEDs)
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Figure 5.2: Distribution of the light output at +10�C (a) of the ABB Hafo
LEDs at 10mA forward current and (b) of the GEC-Marconi LEDs at 20mA
forward current.

5.2.1 ABB Hafo LEDs

The ABB Hafo LEDs were chosen initially for possible use in the ATLAS SCT
because of their radiation hardness, their outstanding light yield, and their fast
response. However, they are not available commercially in a package which is
suitable for the application in the SCT. Furthermore, ABB sold the Swedish Hafo
to Mitel Corporation [43] and the production of this kind of radiation hard LED
type has been stopped [44].

Figure 5.2.a shows the distribution of the pre-irradiation light output at 10mA
and +10�C of all 144 ABB Hafo LEDs. Due to the fact, that these devices have
been tested previously by ABB Hafo, all devices were working. However, 9 out of
144 devices yielded less than 5�W of optical power and were screened out.

5.2.2 GEC-Marconi LEDs

The second type of LEDs tested was developed by GEC-Marconi (U.K.) on behalf
of a group at the University of Oxford. These LEDs are specially designed for the
use in the SCT and a suitable, radiation hard package is available. However, they
have a much higher threshold current than the ABB Hafo LEDs, giving little light
at a 10mA forward current. Therefore, we have chosen a 20mA forward current as
default operating current (cf. table 5.2).

In contrast to the ABB Hafo LEDs, no initial selection was done by the manu-
facturer, and 17 out of the 176 tested devices gave no light at all. This is mainly due
to mechanical defects like broken or not existing bonding wires. The distribution of
the light output is shown in �gure 5.2.b. The �gure shows that another six devices
below the 5�W threshold have to be screened out.
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5.3 Vertical Cavity Surface Emitting Lasers

Vertical Cavity Surface Emitting Lasers (VCSELs) are an attractive alternative
to LEDs as emitters for the optical link. This new type of laser diode has been
developed during the last few years. In contrast to older edge emitting lasers, the
mirror is grown as paired layers of semiconductor materials into the laser structure
itself. Therefore, no mirrors have to be cleaved out of the crystalline structure,
making the production and the testing of laser diodes much easier, since the testing
is possible already on the wafer. Additionally, due to the fact that the light is
emitted perpendicular to the semi-conductor surface, the lasers can be joined to two-
dimensional arrays. This is specially important for commercial applications such as
optical computer interconnections. Further general informations about VCSELs can
be found for example in [45].

Four types of VCSELs from four di�erent production runs have been purchased
from Sandia National Laboratories, Albuquerque (NM, USA), in collaboration with
the ATLAS group developing the liquid argon calorimeter readout [46]. The lasing
threshold current at +10�C is for two types � 2mA or a bit less, for one type a
rather high threshold of � 10mA was measured, and a few devices have a threshold
below 1mA. Due to the di�erent lasing threshold currents, each VCSEL type was
assigned its own default current as listed in table 5.2. The spread of the light output
power of the individual devices is large for all four VCSEL types. The fall and rise
time of VCSELs within the lasing regime is much faster than those of the electronics
used in the scanning machine, hence measurements of VCSEL fall and rise times are
not possible with the scanning machine. The thermal behavior of VCSELs depends
strongly on the design of the device (cf. section 5.3.1).

In contrast to the more commonly available proton implanted VCSELs, most of
the VCSELs in our test are selective oxidized devices [47, 48]. Figure 5.3 shows a
sketch of an oxide-con�ned VCSEL. The oxidized layers are employed to con�ne the
current to a small region of the optical cavity, thus increasing the current density
and decreasing the lasing threshold. The oxidized layers have the same purpose
as the proton implanted regions in other more commonly used VCSELs. Above
and below the optical cavity, distributed Bragg reector (DBR) mirrors are built
from interleaved layers of GaAs and AlxGa1�xAs. The variable x parameterizes the
refractive index [49] and ranges from 0.96 in the innermost to 0.16 in the outermost
layers [48, 50].

The VCSELs tested were manufactured in a twenty-fold array and mounted onto
our ceramic boards. However, in the scanning machine there are only eight electronic
channels per module. By adjusting the position of the ceramic modules relative to
the connectors, we are able to test 16 of the 20 devices. However, only eight devices
can be operated and measured at the same time.

We request for all VCSELs a minimal initial light output of 200�W. This value
is much higher than this one used for the LEDs and was chosen in order to exclude
devices where the lasing threshold current is very close to the default operating
current, since the light output of such devices is very sensitive on forward current
and temperature changes.
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5.3 Vertical Cavity Surface Emitting Lasers (VCSELs)

Figure 5.3: Sketch of an oxide-con�ned VCSEL with distributed Bragg
reectors (DBR) grown above and below the optical cavity. The lateral
oxidized layers con�ne the current to a small region of the cavity [50].

5.3.1 Temperature Dependence of the Lasing Threshold

Current

The lasing threshold current of VCSELs is very temperature sensitive, since the
threshold current is a function of the alignment of the gain peak and of the Fabry-
Perot cavity wave length. This function is not necessarily a monotonic function of
the temperature [51], but it has a minimum at the particular temperature where
the gain peak and the Fabry-Perot cavity are in resonance. Therefore, VCSELs can
be tuned for a desired temperature. A comprehensive review of temperature related
e�ects is given in [52].

The VCSELs used in our test are optimized for room temperature and they show
a very uneven behavior at �10�C. However, recent developments lead to laterally
oxidized VCSELs with a sub-milliamp threshold current and good light output in a
temperature range from 77K to 370K [53].

5.3.2 Modal Noise in the Laser Cavity

The VCSEL cavity is tuned for a single mode longitudinal emission. However, in the
presence of a reective external surface like an uncoated optical �bre, the e�ective
cavity length of the laser may be altered. Thus additional longitudinal modes can
emerge. This behavior was reported for a feedback strength exceeding 1% [54] and
the noise induced may vary by more than 40dB above the level with no feedback
[55].
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Figure 5.4: L-I curve with and without modal noise from feedback (see
text)

We have seen similar e�ects in the scanning machine. The reections from the
PIN diode back into the VCSEL cavity lead to an increased noise as shown in
�gure 5.4. Placing a �lter with an attenuation of a factor of 8 on the PIN diode
improved the signal considerably.

A second well known problem is the mode stability in the transverse direction.
Due to the diameter of the active optical cavity in the lateral direction of typical
>5�m, which is large compared to the wavelength of � 0:3�m in the material,
transverse electromagnetic (TEM) waves may emerge. However, the reectivity of
the distributed Bragg reectors decreases with higher TEM modes. Therefore, lower
modes are strongly favored [49]. Nevertheless, at higher pump levels, i.e. at higher
forward currents for a given device, higher order TEM modes may emerge. Di�erent
e�ects have been discussed in the literature, including spatial hole burning of the
lateral gain pro�le due to thermal lensing [56]{[60] and tuning of the gain peak to
the cavity mode [61, 62, 63].

Figure 5.5 shows the light cone of a single VCSEL at di�erent forward currents
scanned with the PIN diode at a distance of a few millimeters in front of the VCSEL.
The VCSEL emits only at lower forward currents in a single transverse mode and
develops higher TEM modes at higher forward currents. The corresponding L-I
curve is shown in �gure 5.5.a. It shows characteristic bents, when new modes are
excited.

The modal noise represents a potential problem when VCSELs are coupled to
�bres. One solution is to use a special optical interface like the GUIDECAST used
in Motorola's OPTOBUS system [64]. The drawback of such a solution is the price
and the possible lack of radiation hardness. However, recent developments lead to
a passive self aligned plastic package with a MT connector for a 16-channel two-
dimensional VCSEL array [65, 66]. A bit error rate of 10�11 was achieved for a
1Gb=s link. Of course, for application in the SCT, the radiation hardness of the
package would need to be tested as well.
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Figure 5.5: Single mode vs. multi mode behavior of VCSELs as a function
of the forward current (see text)
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Chapter 6

Short Term Results

6.1 Introduction

After the irradiation at ambient temperature at the irradiation facility, the devices
were stored (also at ambient temperature) for some days or weeks in order to reduce
their activity before shipping them back to the laboratory. After receiving the
irradiated devices, they were remounted into the scanning machine and cooled down
to either +10�C or �10�C. The �rst measurement of all devices was done at the
default current (cf. table 5.2). In the case of the VCSELs, for some devices L-I and
V-I curves were measured, too.

Following the �rst measurement after irradiation, the forward current was set
to the desired annealing current and the devices were operated in DC mode and
frequently measured, monitoring the progress of the annealing. The progress of the
annealing was inspected regularly. If there was no further annealing observed at
a given forward current, the annealing treatment was stopped or continued at a
higher current in order to investigate the dependence of the injection annealing on
the forward current.

6.2 Damage Constants for GEC-Marconi LEDs

As shown in section 3.2.3, the relative light output after the irradiation before any
subsequent annealing treatment is a function of the total uence � received by a
given device (cf. eq. 3.7): �

1

RLO

� 2

3

= 1 + k� (6.1)

In order to determine the parameter k, it is important that no injection annealing of
the primary defects induced by the radiation takes place. Since injection annealing
changes the concentration of defect types, the parameter k changes. As long as non
linear e�ects, like e.q. the combination of two defects into a new one are negligible,
equation (6.1) will still be valid. However, it might turn out to be very di�cult
to parameterize the amount of annealing that takes place and thus to determine a
meaningful value for k.
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Short Term Results

Due to the fact, that the GEC-Marconi LEDs exhibit no or only a very slow
annealing at the default current of 20mA, the defect concentration is not altered
signi�cantly within the few ms of operating time during the �rst measurement.
Therefore, devices not operated during the irradiation reect the original radiation
induced defect concentrations and can be used for the calculation of the parameters
kn and kp for neutron- and proton-irradiation, respectively.

Figure 6.1 shows the �t of equation (6.1) for the proton and neutron irradiation.
The resulting ratio kp=kn = 3:2 � 0:1 gives a measure of the relative radiation
damage induced by 24GeV protons and ISIS neutrons. This relation is in excellent
agreement with the NIEL calculations for GaAs done for 24GeV protons and ISIS
neutrons, where a ratio of 3:2 was found [31]. This result strongly supports the NIEL
hypothesis, which is crucial for the extrapolation of radiation hardness studies to
the LHC environment.

When a similar �t is done for proton irradiated GEC-Marconi LEDs which were
pulsed with a 20mA forward current during the irradiation, the parameter ~kp is
lowered to (6:8 � 0:2) � 10�14 cm2. As expected, the resulting damage constant is
signi�cantly lower due to the injection annealing already taking place during the
irradiation.
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Figure 6.1: Damage function �t for GEC-Marconi LEDs irradiated with
ISIS neutrons (left) and 24GeV protons (right). The errors are the statistical
errors of the �tting procedure, assuming an uncertainty of 15% (10%) in the
dosimetry of the neutron (proton) irradiation, and an error of 5% for the
light output measurements.
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6.3 Annealing

6.3 Annealing

As shown in section 4.4 the primary radiation induced defects originate from the
displacement of atoms within the semiconductor crystal. Most of these defects
recombine within seconds due to thermally activated motion. It is not a priori clear
if the thermally activated annealing is the same at room temperature, like in the
case of this test, or at the SCT operating temperature of �5�C to �10�C. However,
recent irradiation of a few GEC-Marconi LEDs at about �7�C showed no substantial
di�erence in the resulting radiation damage [67].

Defects which are stable at room temperature may be annealed under forward
current since the electron-hole recombinations at a defect can increase the defect's
mobility. This type of annealing is called injection annealing.

About one third of the devices irradiated were operated in a pulsed mode during
the irradiation. Thus part of the injection annealing took place during the irradi-
ation, resulting in a higher light output after the irradiation compared to the devices
not operated during the irradiation. This behavior was con�rmed by measurements
of two ABB Hafo LEDs during the irradiation with � 6�1014 p=cm2 showing no
signi�cant di�erence in the �nal light output compared to the light output after the
annealing was �nished [68].

In the following, the annealing behavior of the three types of devices in this test
will be discussed.

6.3.1 ABB Hafo LEDs

Two typical annealing behaviors of ABB Hafo LEDs are shown in �gure 6.2.
Figure (a) shows that the light output of an ABB Hafo LED after the irradiation
with 1:6�1014 p=cm2 was decreased to a few percent. The operation of this device at
10mA and +10�C for 12 days didn't change the light output signi�cantly. However,
when the forward current was increased to 50mA, a fast annealing occured. The
light output raised to about 40% within a few hours and remained essentially stable.

A di�erent behavior is shown in �gure 6.2.b for another ABB Hafo LED irradi-
ated with 3:2�1014 n=cm2. The annealing took already place at 10mA and reached
about 60% after a few days of operation at 10�C. However, switching the forward
current to 30mA resulted in an anti-annealing, decreasing the light output to about
40%.

Both annealing and anti-annealing have been observed both after proton and
after neutron irradiation. Anti-annealing of ABB Hafo LEDs has been seen at
di�erent forward currents between 10mA { 50mA, although it is more pronounced
at higher currents and not all devices show the same amount of anti-annealing.
This anti-annealing and annealing can be understood qualitatively as being due to
di�usion processes involving di�erent types of defects in the LED junction. It has
been beyond the scope of this work to investigate the microscopic nature of defects,
their electrical properties and their concentrations in more detail. Such studies could
be performed e.g. using Deep Level Transient Spectroscopy (DLTS) [22, 23].
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Figure 6.2: Typical annealing of ABB Hafo LEDs: a) Relative light output
of an ABB Hafo LED after irradiation with 1:6�1014 p=cm2 as a function of
operating time. This LED shows very little annealing at 10mA and +10�C
but a fast annealing at 50mA. b) Annealing of an ABB Hafo LED after
irradiation with 3:2�1014 n=cm2 at 10mA and +10�C with anti-annealing at
a current of 30mA.

6.3.2 GEC-Marconi LEDs

The annealing behavior of GEC-Marconi LEDs is less favorable than the one of
ABB Hafo LEDs. There is almost no or only a very slow annealing at currents
below 40mA (cf. �g. 6.3.a). Therefore, for a signi�cant annealing of GEC-Marconi
LEDs an annealing current of 40mA { 80mA is necessary. While at a forward
current of 40mA the annealing is still rather slow (cf. �g. 6.3.b), there seems to be
no di�erence in the annealing for currents of 50mA { 80mA. Figure 6.3.c shows
a GEC-Marconi LED irradiated with 4.4�1014 n=cm2 annealing within a few days
at 50mA and �10�C. We also tried to apply higher currents up to 100mA, but
in that case a strong anti-annealing was observed even for unirradiated devices
(cf. �g. 6.3.d).

6.3.3 VCSELs

The degradation of VCSELs after the irradiation and the subsequent annealing is
best seen in light output vs. current plots as shown in �gure 6.4. Both VCSELs
have been irradiated with 1:8�1014 p=cm2. One was o� during the irradiation (�gure
6.4.a), the other was operated in pulsed mode with a current of 4mA and a duty
cycle of � 25% (�gure 6.4.b). The �rst measurement after the irradiation (squares)
reects this fact: the un-biased one gives no light up to a forward current of 5mA
while the pulsed device shows very little degradation. After an annealing period of
5.9 day at 4mA and +10�C both VCSELs recovered almost completely
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Figure 6.3: Annealing behaviors of GEC-Marconi LEDs: a) A typical LED
after 2:1�1014 p=cm2 showing very little annealing at 20mA and 10�C. b)
Annealing after 2.2�1014 p=cm2 at a forward current of 40mA and at 10�C.
c) Fast annealing after the irradiation with 4.4�1014 n=cm2 at 50mA and
�10�C. d) Anti-annealing of an unirradiated LED at a forward current of
100mA.

6.4 Temperature Dependence of Annealing

The operating temperature for LEDs in the SCT will be between about �5�C and
�10�C [8]. In order to investigate the temperature dependence of the annealing,
most of the devices were annealed at a temperature of either +10�C or �10�C. The
comparison of the annealing behavior of devices irradiated with the same uence
and annealed with the same forward current at either +10�C or �10�C indicates no
signi�cant di�erence in the �nal relative light output.

However, the annealing of the LEDs was accelerated when the ambient tem-
perature was increased from +10�C to 50�C in order to accelerate the aging. The
annealing of most of the ABB Hafo devices was completely �nished when the high
temperature operation was started. Therefore, only a slight or even no additional
annealing was observed at 50�C. The only exception is shown in �gure 6.5.a.
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Figure 6.4: Light output vs. current before the irradiation, after the irra-
diation and after 5.9 days annealing shown for two VCSELs irradiated with
1:8�1014 p=cm2: a) VCSEL not operated during irradiation, b) VCSEL pulsed
with 4mA during irradiation

This ABB Hafo LED showed a rather slow annealing after the irradiation with
5.3�1014 n=cm2. When the temperature was raised, the annealing was accelerated
and reached about 40% of the pre-irradiation value, which is in agreement with the
other devices on the same module, which annealed completely before the tempera-
ture was increased.

The same behavior was seen by the GEC-Marconi LEDs. Due to the fact, that
the annealing of GEC-Marconi LEDs takes much more time, most of the devices
did not �nish the annealing before the temperature was raised to 50�C. Therefore,
the annealing continued during the high temperature operation. Obviously, the
amount of annealing observed at 50�C depends on the forward current, too. If the
forward current is reduced to the nominal 20mA, the annealing was mostly stopped
(cf. �g. 6.5.b). A few exceptions have been seen like the one shown in �gure 6.5.c,
exhibiting a very strong annealing at 50�C and 20mA after 40 days of annealing
at 80mA. In most cases, the aging of the devices was studied at the nominal
forward current (cf. table 5.2). However, some of the GEC LEDs which showed still
a considerable amount of annealing when the temperature was raised, were further
operated at higher forward currents during the aging. These devices continued with
an accelerated annealing (cf. �g. 6.5.d). At the time of this writing, the annealing
of those devices has not yet �nished. Therefore, it is not possible to judge, whether
the annealing at higher temperature is just accelerated or if the �nal relative light
output compared to the devices annealed at �10�C will be higher as well.

6.5 Summary

The short term results are summarized in �gure 6.6. The relative light output of
the individual LEDs/VCSELs is shown as function of the 24GeV proton (lower
axis) and the ISIS neutron uence (upper axis), respectively. The two axis are
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Figure 6.5: Temperature dependence of the annealing: a) this ABB Hafo
LED irradiated with 5.3�1014 n=cm2 showed an acceleration of the annealing
at 20mA when the temperature was raised; b) most of the GEC-Marconi
LEDs stopped the annealing when the forward current was decreased to
20mA; c) one example of a GEC-Marconi LED annealing quickly at elevated
temperature but low forward current; d) the annealing of this GEC-Marconi
LED at a forward current of 40mA accelerated when the temperature was
increased.
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Short Term Results

scaled such that the NIEL (cf. section 3.2.2) calculated for GaAs in [31] is the same
for corresponding uences. Therefore, if the relative light output of LEDs after
irradiation depends on the NIEL, there should be no di�erence between neutron
and proton irradiated devices. Despite the large spread of our data, which is partly
due to large uncertainties in the dosimetry, the neutron and proton data agrees fairly
well.

The importance of injection annealing is evident when comparing the little dots
with the larger symbols in �gure 6.6. The former denote the �rst measurement made
after the irradiation, the latter the relative light output after an annealing period
of up to several weeks at the maximum forward current indicated in the legend. In
most (but not all) cases no signs of further annealing were observed (cf. section 6.4).

A comparison of the ABB Hafo LEDs annealed with a maximum current of
30mA (full circles) with those annealed at up to 50mA (hollow circles), shows that
for the latter the �nal relative light output is higher. Thus, the degree of annealing
depends on the maximum annealing current applied.

The outstanding radiation hardness of VCSELs is seen in this plot, too. VCSELs
irradiated with uences up to 3.7�1014 p=cm2 yield after a short annealing period of
a few hours to days as much light as before the irradiation. Some devices have an
even higher light output as before. We suppose that this is due to a burn-in e�ect.
Unfortunately, we have not been able to perform a burn-in prior to the irradiation
due to the late arrival of most of the VCSELs which left only a few days between
the reception of the devices and the irradiation period.

6.6 Behavior of Failing Devices

After the irradiation or during the annealing period 6 LEDs and 8 VCSELs died
or did not show any annealing. Further, 11 GEC LEDs irradiated with a uence
between 3.0�1014 p=cm2 and 4.8�1014 p=cm2 are annealing very slowly and have to be
considered as dead, too. There is a variety of failure characteristics as summarized
in �gure 6.7 and in table 7.2:

� The LED behaves no longer as a diode but as an ohmic resistor. This is the
case for one ABB Hafo LED after 0.7�1014 p=cm2 and one GEC-Marconi LED
after 2.2�1014 p=cm2(shown in �gure 6.7.a). The latter one gave some light
after the irradiation, but died within about 30min of operation as shown in
�gure 6.7.b.

� The light output of the device is very low and no signi�cant annealing at a
given forward current is observed, in contrast to the remaining devices on
that particular module. One ABB Hafo LED after 5.3�1014 n=cm2 under a
forward current of 10mA (shown in �gure 6.7.c) and one GEC-Marconi LED
after 2.3�1014 p=cm2 under a forward current of 40mA fall into this category.
However, the GEC-Marconi LED was very weak already before the irradi-
ation, yielding less light than the 5�W required for inclusion into the overall
statistics.
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Figure 6.6: Relative light output of individual LEDs and VCSELs after the irradiation as a function of

uence. The little dots denote the �rst measurement made after the irradiation. The larger symbols show

the relative light output after an annealing period of up to several weeks at the maximum forward current

indicated in the legend. In most (but not all) cases no signs of further annealing were observed. The VCSELs

have been annealed at the default current at �10�C. Both proton and neutron irradiation data is shown and

scaled according to the NIEL in GaAs (cf. section 3.2.2).
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Figure 6.7: Some examples of failing LEDs: a) this GEC-Marconi LED
behaves after the irradiation with 2.2�1014 p=cm2 no longer as a diode but as
an ohmic resistor; b) a GEC-Marconi LED dying within the �rst minutes of
annealing after irradiation with 2.2�1014 p=cm2; c) no signi�cant annealing is
seen for this ABB Hafo LED after 5.3�1014 n=cm2 under a forward current
of 10mA; d) another ABB Hafo LED showed annealing and anti-annealing
after the irradiation with 2.1�1014 p=cm2, but yielded almost no light after a
storage period of three months at room temperature.
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6.6 Behavior of Failing Devices

� The LED anneals after the irradiation, but after a storage period of three
months at room temperature, the light output falls back to a few percent.
This behavior has been observed for two ABB Hafo LEDs after 2.1�1014 p=cm2

(shown in �gure 6.7.d) and 4�1014 p=cm2 respectively. However, the latter LED
is excluded from the failure statistics, because the light output of 1�W before
the irradiation was too low.

� The VCSEL does not yield any light after the irradiation, but the electrical
characteristics are inconspicuous. This is the case for two VCSELs, one with
a lasing threshold of ' 2mA after the irradiation with 1.8�1014 p=cm2 and one
with a threshold of <� 1mA after the irradiation with 4.4�1014 n=cm2.

� The light output after the irradiation is comparable to the other devices ir-
radiated with the same uence, but the VCSEL dies within seconds when
operated. This behavior was seen by three VCSELs with a lasing threshold of
<� 1mA after the irradiation with 4.4�1014 n=cm2.

� There is no light output after the irradiation and the forward voltage is very
low. This is the case for two VCSELs with a lasing threshold of <� 1mA after
the irradiation with 4.4�1014 n=cm2.

A detailed statistics of all devices irradiated with uences anticipated for ten
years of LHC operating is given in section 7.3.
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Chapter 7

Long Term Results

7.1 Introduction

In order to make any prediction on the long term reliability of the irradiated LEDs
and VCSELs, the aging has to be accelerated. Therefore, the operating temperature
of the devices was increased to 50�C once the annealing was �nished or any further
annealing would have taken an unreasonably long time. The devices were then
operated at the default current for several months. At the time of this writing, the
high temperature operating time achieved corresponds to an operating time of up
to 40 years in the ATLAS SCT.

7.2 The Acceleration of Aging

In order to make any prediction on device life time in a reasonable amount of time,
the aging of the devices studied has to be accelerated. We used two considerations
for this purpose:

� It is generally believed that aging of LEDs takes place only under forward
bias. Thus we can achieve an acceleration factor of 12 with respect to the
LHC by operating the devices with a DC current. This factor is based on the
estimate, that a) the LHC will run about 100 days per year, b) the average
link occupancy is about 50%, c) the LEDs are o� when no data is transmitted,
and d) the 0 and 1 bits are balanced.

� An additional acceleration factor is obtained by increasing the temperature.
The dependence of the mean LED lifetime � is given by [69, 70, 71]:

� / exp
Ea

kTj
(7.1)

where Tj denotes the junction temperature and Ea the thermal activation
energy. The latter depends on the composition and the fabrication of the
LEDs and must be determined experimentally. For both types of LEDs Ea

is not known. Therefore, we are not able to calculate the acceleration factor
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Figure 7.1: Acceleration factors for di�erent thermal activation energies
Ea, calculated with respect to aging at Tj = +10�C

with precision. However, typical values found in the literature for Ea are in the
range from 0.4 to 1.0 eV. Figure 7.1 shows the acceleration gained by raising
the temperature with respect to aging at a nominal operating temperature
of +10�C1 for some values of Ea. As a conservative estimate, we use an
acceleration factor of 10 for the aging at 50�C. Any additional acceleration
due to higher forward currents during the annealing is not taken into account.

The acceleration of the aging for the VCSELs depends on the operating mode
of the optical link. It is not yet clear, if the VCSELs can be switched on and o�
during the data transmission as will be the case for the LEDs. Probably there will
be a constant current holding the VCSEL near or above the threshold current when
no data is transfered. Therefore, only a factor of three could be gained by operating
the devices in DC mode compared to the operation in the SCT, which will run only
about 100 days per year.

The dependence of the VCSEL life time from temperature does follow the same
relation as those for LEDs stated in equation (7.1) [48]. However, the activation
energy Ea for VCSELs is not known. Therefore, no acceleration factor due to the
operation of VCSELs at higher temperatures can be stated at present.

7.3 Life Time of Irradiated LEDs and VCSELs

In order to test the life time of the irradiated devices, they were operated at an
elevated temperature of 50�C for several months. As shown in section 7.2, this
procedure accelerates the aging of LEDs by a factor 120 with respect to the operation
in the SCT.

1The operating temperature in ATLAS SCT will be between �5�C and �10�C resulting in an
additional acceleration factor compared to +10�C which is not taken into account.

56



7.3 Life Time of Irradiated LEDs and VCSELs

Table 7.1 shows the operating time obtained so far and the estimated equivalent
operating time in the SCT for the di�erent devices. All devices used for the statistics
have been irradiated with a minimum uence of 2�1014 n=cm2 or 0.6�1014 p=cm2,
where the proton uence given corresponds to the neutron uence if the radiation
damage scales accordingly to the NIEL hypothesis (cf. section 3.2.2). The uence
used for the statistics is approximately twice as high as the maximum uence
expected in the SCT during ten years of LHC operation, and about twice as high
as what the detectors can withstand. This assures that the optical link will be
operational at least as long as the detectors, ensuring that the less expensive optical
link does not limit the operating time of the expensive electronics and detectors in
the SCT.

Devices yielding less than 10% relative light output after the annealing treatment
and after the aging are considered as dead. This number is much lower than the
50% used as standard de�nition in industry. It is deduced from the S/N requirement
of the optical link proposed in the SCT. In the case of the SCT, LEDs with a
light output of less than 10�W coupled into a multi mode �bre are screened out.
Therefore, the weakest LED will still yield an optical power of 1�W after ten years
of operation in the SCT. This corresponds to a S/N of 332, which is considered to
be su�cient for a read-out link with a bit error rate below 10�9.

As mentioned in section 5.2, we used all LEDs yielding more than 5�W into
a multi mode �bre. The lower value was chosen to attain higher statistics. There
is no indication that the additional LEDs yielding a light output of 5 { 10�W
behave di�erent from the brighter devices. In order to use the same criteria,
VCSELs yielding less than 10% of the initial light output are considered as dead,
too. However, a VCSEL with 10% of the initial light output will still yield more
light than a bright LED before the irradiation.

As shown in section 6.3.2, the annealing current for the GEC LEDs must be in the
range of 40 { 80mA in order to have a considerable annealing after the irradiation.
Therefore, GEC LEDs with a maximum annealing current below or above this range
are excluded from the statistics.

No devices failed during the high temperature operation. However, some devices
failed right after the irradiation or during the annealing. The behavior of failing
devices is discussed in section 6.6, and a summary of all dead devices is given in
table 7.2.

Three out of 91 ABB Hafo LEDs have failed. Two were dead right after the
irradiation, one showing an ohmic behavior and one giving very little light with
virtually no annealing at 10mA. The third device annealed after the irradiation,
but died after a three months storage period.

Three failures out of 58 GEC-Marconi LEDs irradiated with a maximum uence
of 2.5�1014 p=cm2 have been found. All three devices were dead right after the
irradiation or died within a few minutes. After the irradiation with even higher

2This number is based on measurements with a prototype optical link using GEC-Marconi LEDs
and scaled to the ATLAS system, giving an initial S/N of 363 [8]. Beside the degradation of the
LEDs an additional factor 0.9 is taken into account for the attenuation in the irradiated optical
�bre.
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7.4 Long Term Stability
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Figure 7.2: The long term stability of two LEDs: a) this ABB Hafo LED
irradiated with 0.85�1014 n=cm2 shows some anti-annealing and instabilities;
b) this GEC LED irradiated with 0.77�1014 n=cm2 exhibits an unexplained
drop in the light output during the high temperature operation.

uences, the GEC LEDs yielded nearly no light and showed no or only a very slow
annealing at 50mA. Only one out of 12 devices has reached a relative light output
above 10% after an annealing period of up to 70 days.

The VCSELs with a threshold current of about 2mA seem to be very radiation
hard. Only one out of 113 devices irradiated with uences up to 3.7�1014 p=cm2 has
failed. The same seems true for the VCSELs with a threshold current of 10mA.
There are no failures out of 13 devices irradiated with 2.1�1014 p=cm2. However, the
VCSELs with a threshold current below 1mA have shown six failures in a total of
21 devices irradiated with 3.7�1014 p=cm2 or 4.4�1014 n=cm2. Although the statistics
is low, it seems that this type of VCSEL is less radiation hard than the devices with
a higher threshold current.

7.4 Long Term Stability

The light output of most of the devices operated at 50�C and at their default current
remained essentially stable. However, some devices exhibited a slow anti-annealing
of a few percent per month during the high temperature operation, and some ABB
Hafo LEDs showed instabilities of the light output. An example of an ABB Hafo
LED showing both behaviors after the irradiation with 0.85�1014 n=cm2 is presented
in �gure 7.2.a.

Figure 7.2.b shows a GEC LED irradiated with 0.77�1014 n=cm2 exhibiting a
sharp drop in the light output during the high temperature operation. This is up to
now the only LED showing a dramatic drop during the aging. This LED belongs to
the three brightest GEC LEDs in our test, yielding 38�W of optical power before
the irradiation. Beside this fact, we do not have any clue what might be the cause for
this drop. Even after the drop, the light output would be su�cient for the operation
of a read-out link. Hence this LED was not considered to be failing.
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Chapter 8

Summary and Outlook

ATLAS is one of the two general purpose proton-proton experiments prepared for
the Large Hadron Collider (LHC). Due to the very high luminosity operation of
LHC, the inner detector of ATLAS will be subject to high uences of neutral and
charged particles. Therefore, all components to be used in the inner detector have
to be tested on their radiation hardness and long term reliability.

In this work we have presented irradiation and life time studies of LEDs and
VCSELs, which could be used as emitters in the optical links proposed for the
read-out of the SemiConductor Tracker (SCT). In order to study both the short
term annealing behavior and the life time after the irradiation of a large number of
devices, an automatic measurement system (the scanning machine) was built, which
allows for long term tests of several hundred LEDs and VCSELs.

In di�erent irradiation runs about 120 and 130 LEDs manufactured by ABB
Hafo and GEC-Marconi, respectively, and about 200 VCSELs produced by Sandia
National Laboratories were irradiated with proton and neutron uences as high as
those expected during ten years of operation at LHC.

After irradiation with about 2�1014 p=cm2 and the subsequent annealing treat-
ment at a forward current of 50mA, which increased the light output considerably
due to injection annealing, a relative light output of about 10 { 30% was found for the
GEC-Marconi LEDs. For the ABB LEDs the relative light output after equivalent
uences is about 20 { 40%, while for VCSELs an almost complete annealing was
observed.

At the time of this writing, the operating time reached in the life time studies
is estimated to correspond to up to 45 years of operation at LHC. No devices failed
during the high temperature operation, but 3 out of 58 GEC-Marconi and 3 out of 91
ABB Hafo LEDs gave less than 10% of the initial light output after the irradiation
and the subsequent annealing treatment. These statistics include only devices irradi-
ated with either a neutron uence in the range from 2.0�1014 n=cm2 to 8.1�1014 n=cm2,
or with a proton uence in the range from 0.6�1014 p=cm2 to 2.5�1014 p=cm2. For
LEDs an initial light output above 5�Wwas required for inclusion into the statistics.

Only one out of 126 VCSELs with a lasing threshold current above about 2mA
and irradiated with a uence up to 3.7�1014 p=cm2 has failed. In contrary, for the
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Summary and Outlook

VCSELs with a threshold current below 1mA six failures in a total 21 devices
irradiated with 3.7�1014 p=cm2 or 4.4�1014 n=cm2 have been observed.

The results achieved have been used to estimate the performance of an optical
link based on GEC-Marconi LEDs as presented in the Technical Design Report [8].
After ten years of operation at LHC an average S/N of 65 is expected for this type
of link. Further experience with optical links will be gained during summer 1997 in
the context of the Tracker System Prototyping (TSP) test beam program.

An attractive alternative to GEC-Marconi LEDs would be the use of Vertical
Cavity Surface Emitting Laser diodes (VCSELs) yielding much more light and
showing an astonishing radiation hardness. However, one major problem for the use
of VCSELs concerns the packaging and the coupling of light from VCSELs to �bres.
These issues will be studied by GEC-Marconi and Sandia National Laboratories
speci�cally for the application at LHC.
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