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Abstract

Studies have been performed on the radiation hardness of the type of VCSELs2 that will be used in the ATLAS

SemicConductor Tracker. The measurements were made using 30MeV proton beams, 24GeV/c proton beams and a

gamma source. The lifetime of the devices after irradiation was studied.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Optical links will be used in the ATLAS
SemiConductor Tracker (SCT) [1] to transmit
data from the silicon strip detector modules to
the off-detector electronics and to distribute the
Timing, Trigger and Control (TTC) data from the
counting room to the front-end electronics [2].
There will be 8176 VCSELs inside the SCT.
During the operation of the SCT at the Large

Hadron Collider (LHC), all the on-detector
components will be exposed to large fluences of
charged and neutral particles. The SCT on-
detector components have been designed to be
sufficiently radiation tolerant to survive 10 years of
LHC operation. The results of the radiation
hardness studies of the ASICs, epitaxial silicon
PIN photodiodes and fibres are described in
previous publications [3–8]. This paper presents
the results of radiation hardness tests on the type
of VCSELs to be used in the SCT. Previous
publications have shown that other types of
VCSELs are sufficiently radiation hard for use in
ATLAS [6,9].
An overview of the radiation damage and

reliability theory is given in Section 2. The
expected radiation environment is defined in
Section 3. The experimental set-up and radiation

*Corresponding author. Department of Particle and Nuclear

Physics, Nuclear Physics Laboratory, Keble Road, Oxford

OX1 3RH, UK. Tel.: +44-1865-273370; fax: +44-1865-

273418.

E-mail address: t.weidberg@physics.oxford.ac.uk

(T. Weidberg).
1Now at DESY, Zeuthen, Germany.
2Vertical Cavity Surface Emitting Lasers.

0168-9002/03/$ - see front matter r 2002 Elsevier Science B.V. All rights reserved.

PII: S 0 1 6 8 - 9 0 0 2 ( 0 2 ) 0 1 9 2 2 - 8



sources used are described in Section 4. The results
of the radiation hardness studies are discussed in
Section 5. The accelerated ageing tests are
described in Section 6 and finally some conclusions
are drawn in Section 7.

2. Radiation damage and reliability theory for

VCSELs

2.1. Radiation damage theory

The main effect of radiation on the GaAlAs
VCSELs is expected to be due to displacement
damage. The interaction of high-energy particles
with atoms in the semiconductor lattice may cause
an atom to be dislodged from its position in the
lattice. The primary knock atom (PKA) may
create a cascade of collisions which can induce
large complexes of point defects in the crystal
structure. Some of these defects are stable and can
create new energy levels in the semiconductor
band-gap. Therefore, these defects in the crystal
structure can act as non-radiative recombination
centres, which decreases the minority carrier life-
time. For LEDs this will cause a decrease in the
light output if the non-radiative decay rate is
similar to or larger than the radiative decay rate.
For semiconductor lasers such as VCSELs, the
minority carrier lifetime in the lasing regime is
dominated by stimulated emission and is therefore
very short. However below the laser threshold, the
lifetime is determined by spontaneous emission as
in LEDs. Therefore the main effect of radiation
damage for VCSELs is expected to be an increase
in the threshold current.
In previous studies, significant amounts of

annealing of the radiation damage in VCSELs
were observed when the devices were operated
under forward bias (injection annealing) [6,9,10].
The effects of annealing with forward currents of
10 and 20mA were studied in this work.

2.2. Reliability theory

The lifetime of semiconductor lasers such as
VCSELs can be limited by effects such as impurity
diffusion, electro-migration and inter-metalic com-

ponent formation. These processes can create so
called Dark Line Defects (DLDs) which appear as
dark lines over the active region of the laser. The
rate of formation of these defects and hence the
lifetime of the devices have been found to have an
exponential change with temperature. The lifetime
also depends on the current density and hence on the
operating current. An empirical relationship, the
Arrhenius equation has been found to give a good fit
to VCSEL reliability data. The Arrhenius equation

AF ¼
I2

I1

� �2
exp

EA

kB

1

T1
�

1

T2

� �� �
ð1:1Þ

predicts the acceleration factor for ageing when
comparing operating conditions with different
temperatures (T1 and T2) and operating currents
(I1 and I2). The current factor is required to
account for the effect of operating current on
reliability over and above its effect on junction
temperature [11]. The data from the study pre-
sented in Ref. [11] shows a good agreement with
the factor of the square of the operating current in
Eq. (1.1). EA is the activation energy and is
commonly assumed to be 1.0 eV [12]. The accel-
eration factor AF gives the ratio between the mean
time to failure at the two different operating
conditions. Accelerated ageing studies of un-
irradiated VCSELs by different manufacturers
show good agreement with the Arrhenius equation
[11,13,14]. The data from the manufacturer’s of the
VCSELs used in this study, gave results which were
consistent with an activation energy of 1.0 eV [14].
Due to the great improvements in process

control, the lifetimes of the current generation of
VCSELs are very large and the reliability would be
expected to be considerably better than that
required for 10 yr of LHC operation. The main
aim of the lifetime studies presented in this paper is
to see if there is any evidence for a large decrease in
lifetime after irradiation.

3. Expected radiation environment

The expected radiation environment in the SCT
is mainly due to a mixture of high-energy charged
particles, low-energy neutrons and photons. The
effects of displacement damage in semiconductor
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devices have been found to scale with the total
non-ionising energy loss (NIEL). There is evidence
for NIEL scaling in GaAs electronic devices
[15,16], particle detectors [17], as well as GaAlAs
LEDs [6]. A further test of the NIEL hypothesis
for GaAlAs VCSELs is performed in this work.
The expected spectra of charged and neutral

particles in the ATLAS Inner Detector were
simulated using the FLUKA transport code. The
standard ATLAS luminosity scenario of 3 yr of
low luminosity (1033 cm�2 s�1) followed by 7 yr of
high luminosity (1034 cm�2 s�1) operation was
assumed. A safety factor of 1.5 was applied to
take into account all the uncertainties in the
calculations [1]. It is convenient to convert the
fluences into the equivalent fluence of 1MeV
neutrons, assuming the NIEL scaling hypothesis.
This is done by integrating the differential
spectrum weighted by the ratio of NIEL for a
particle of energy E and a 1MeV neutron.

Fneq ¼
Z
dN

dE

NIELðEÞ
NIELðn1 MeVÞ

dE: ð1:2Þ

The NIEL values for GaAs3 used were taken
from Refs. [16,17]. The resulting fluence for the
inner layer of the SCT, which will receive the
highest fluence are given in Table 1 below for
different particle types and energies.
The expected ionising radiation dose for the

inner layer of the SCT during the 10 yr of ATLAS
operation is 100 kGy(Si) [1].

4. Experimental set-up and irradiation facilities

4.1. 30 MeV protons

Beams of protons of kinetic energy of 30MeV
were used from the TR-30 Cyclotron Facility of
the Institute of Nuclear Energy Research (INER)
in Taiwan. The beam currents used were about
10 nA. An external beam line was used and the
beam was collimated and allowed to pass through

a thin window. The beam spot size is 1 cm in radius
at the exit window. The target was placed about
20 cm downstream and the typical flux was about
2� 1010 cm�2 s�1. A photograph of the target and
beam line is shown in Fig. 1.

4.1.1. Fluence measurements

A Faraday cup was placed behind the target to
collect the charge. The current signal was sent to a
digital current integrator4 and the resulting digital
signal was then counted5. The total fluence
accumulated was 2� 1014 p cm�2. Assuming the
NIEL scaling hypothesis, this is a factor of 40%
larger than for the worst case for 10 yr of SCT
operation at LHC.

4.1.2. VCSEL power measurements

The VCSELs6 were wire bonded to carrier
PCBs. Five VCSELs were mounted on one carrier
PCB but only one VCSEL was powered at a time
whilst the power was being measured. The optical
power of the VCSELs was measured as a function
of the drive current using a large area germanium
photodiode as shown in Fig. 2. For each current
setting, 10 measurements were taken and the
average was given to reduce the error. These
power measurements were made before and after
the irradiation. The VCSELs were operated at
10mA current during the irradiation.

4.2. 24 GeV protons

The irradiation was performed at the T7 beam
of the CERN Proton Synchrotron (PS) [18]. This is

Table 1

Expected NIEL values for GaAs and fluences for the inner SCT

layer for 10 yr of LHC operation

Particle

type

Energy

(MeV)

NIEL

(keV cm�2 g�1)

Fluence

(1014 cm�2)

n 1 0.55 9.9

p 30 4.0 1.4

p 24 000 2.9 1.9

3The active (light emitting) part of a VCSEL is the Multi

Quantum Well (MQW) structure. The Trulelight VCSELs used

in this study contain three GaAs quantum wells separated by

AlGaAs barriers.

4ORTEC Model 439.
5ORTEC Model 871 Timer and Counter.
6Truelight, Taiwan, TSD-8A12.

P.K. Teng et al. / Nuclear Instruments and Methods in Physics Research A 497 (2003) 294–304296



a primary proton beam of momentum 24GeV/c.
There were 3 proton spills per PS supercycle
(14.4 s) and the intensity in each spill was
B2� 1011 protons. The beam area was B4 cm2.

4.2.1. Fluence measurements

The fluence was monitored by secondary
emission counters, which were cross-calibrated
with aluminium foil activation analysis. The
typical proton flux was B1010 cm�2 s�1 The
total proton fluence was 1.09� 1015 cm�2 and
measurements were made after several steps in
the fluence.

4.2.2. VCSEL packaging and optical power

measurements

The same type of VCSELs was used as for the
30MeV proton irradiation data (Section 5.1). The
VCSELs were packaged in a fibre pig-tailed opto-
package. The light from the VCSELs is coupled
into the fibres by a reflection from the 451 angle
polished fibre. A schematic diagram of the opto-
package showing the 8 fibres coupled to 8 VCSELs
is shown in Fig. 3. This packaging uses the same
technique that will be used for the readout of the
ATLAS Barrel SCT detector [19]. These opto-
packages used radiation-hard SIMM7 fibre [8].
They were coupled with ST couplers to a

radiation tolerant GRIN8 fibre [8]. The GRIN
fibre was taken out of the radiation zone to an
optical power meter. The VCSELs were biased at
10mA during the irradiation except for short
periods when the optical power was measured as a
function of the drive current (LI curves). The
optical power was measured with a power meter
and corrected for the losses in the ST coupler and
the GRIN fibre9. Only 4 out of 8 VCSELs had
sufficiently long lengths of radiation hard fibre for
the GRIN fibres to avoid radiation damage;
therefore, only these 4 VCSELs are used in this
study. For the 4 VCSELs used in the study, the
radiation damage induced attenuation in the
GRIN fibre was negligible. The radiation damage
in the 1m length of the radiation hard fibre is also
expected to be negligible [8].

4.3. Gamma source

The gamma source used was the Mega Curie
60Co Irradiation Plant of the Institute of Nuclear
Energy Research (INER), Taiwan. This consists of
a plane array of 60Co sources covering an area of

Fig. 1. Faraday cup and VCSELs in the external proton beam

line.

Fig. 2. Photograph showing 5 VCSELs on a carrier board and

the large area photodiode used to measure the optical power.

7Step Index Multi Mode, S.50/60/125/250 Fujikura, Japan.
8Graded Index Multi Mode, Fibre 407E, Plasma Optical

Fibre B.V., The Netherlands.
9The insertion loss of the ST coupler and patch fibre was

determined by the following procedure: a fibre coupled VCSEL

was connected to a fibre coupled photodiode (PD) and the

current was measured. Then the extra length of patch fibre and

ST connector was inserted and the PD current measured. The

induced attenuation was then estimated from the ratio of the

PD currents.
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approximately 0.2� 2m2. The dose rates used
were 60 and 7 kGy(Si)/h. The dosimetry was
performed using radiochrome film. The dosimetry
was calibrated to be accurate to within 4%
by comparisons with measurements at NIST10

and NPL11. The total dose accumulated was
580 kGy(Si) for one group and 600 kGy(Si) for
the remaining groups. This is a factor of 6 times
higher than that expected during ATLAS opera-
tion. The VCSELs were mounted on the same type
of carriers as used for the 30MeV proton
irradiation (Section 4.1.2). The optical power of
the VCSELs were measured with the same system
as that used for the 30MeV proton irradiation
data (Section 4.1.2).

5. Radiation hardness results

The results for the proton and the gamma
radiation tests are given below.

5.1. 30 MeV proton tests

A sample of 20 VCSELs was used for these
studies. The light output versus forward current
(LI curve) for the VCSELs was measured before
irradiation and after irradiation and after one
week annealing at a constant current of 10mA.
The VCSELs were biased with a current of 10mA
during irradiation. The total time taken for the
irradiation was about 3 h so that only a limited
amount of annealing would be expected to occur
in this period. The results for the first 2 VCSELs in
the sample are shown in Figs. 4 and 5.
The LI curves show that there is the expected

increase in threshold current with radiation and
that there is also a decrease in the slope efficiency.
The data taken after one week annealing at 10mA
show a very significant recovery. There is an even
greater degree of recovery after one week of
annealing at 20mA. In order to present the data
in a more convenient form, a linear fit was made to
each VCSEL LI curve, before radiation, after
irradiation, after one week annealing at 10mA and
one further week annealing at 20mA. The fits were

Fig. 3. Schematic diagram of the opto-package containing 8 VCSELs coupled to radiation hard fibre.

10National Institute of Standards and Testing, USA.
11National Physical Laboratory, London, UK.
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made in the region of light output above 100 mW
to the end of the approximately linear regime. The
systematic uncertainty due to the choice of fit
range was estimated to be B1%. The fit results
gave values for the threshold current and the slope
efficiency. The distribution of the fitted values for
thresholds and slope efficiencies are shown in
Figs. 6 and 7.
The distribution of the increase in laser thresh-

olds immediately after irradiation and after one

week of annealing at 10mA is shown in Figs. 8 and
9. The one VCSEL with an entry in the overflow
bin in Fig. 8 had a threshold of 8.2mA, which
however reduced to 2.2mA after one week of
annealing at 10mA.
The slope efficiencies were calculated for all the

VCSELs after irradiation and after one week of
annealing at 10mA. The distribution of the ratio
of slope efficiency after irradiation compared to
pre-irradiation is shown in Fig. 10 below. The

30 MeV p VCSEL 1

0

500

1000

1500

2000

2500

0 10 20 30

I ( mA)

L 
(

µ
W

)

Before irradiation

After irradiation

Annealing 10mA 

Fig. 4. Optical power versus VCSEL current (LI curves) for the

first VCSEL, before irradiation, immediately after irradiation
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equivalent distribution after one week of annealing
at 10mA is shown in Fig. 11.
The mean values of the fitted thresholds and

slope efficiencies before and after irradiation and
after one week annealing at 10mA and one further
week at 20mA are summarised in Table 2.

5.2. 24 GeV proton data

The LI curves before irradiation and after
several stages of irradiation for one of the 4
VCSELs are shown in Fig. 12.
In order to compare the results from the

24GeV/c proton irradiation with the 30MeV
proton data, a summary of the results for the 4
VCSEL before irradiation and after a fluence of
1.5� 1015 neq cm

�2 are given in Table 3 below.
According to the NIEL hypothesis and the NIEL

values in Table 1, this fluence should give an
equivalent damage to that from the 30MeV
proton irradiation.

5.3. Comparison of 30 MeV and 24 GeV proton

data

The threshold before irradiation for this sample
of VCSELs irradiated with 24GeV/c protons is
similar to that of the sample used for the 30MeV
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proton irradiation. The slope efficiency before
irradiation is significantly lower in this sample
because these devices were coupled to 50 mm core
fibres using angle polished fibres; therefore, the
coupling is not fully efficient.
The mean increase in threshold and the decrease

in slope efficiency are similar but slightly larger
than those measured during the 30MeV proton
irradiation. The time taken to reach the same
equivalent fluence was about a factor of 3 less for
the 30MeV proton data than for the 24GeV/c

Table 2

Summary of pre- and post-irradiation thresholds and slope efficiencies for the sample of 20 VCSELs irradiated with 30MeV protons

Parameter Mean value Units

Threshold before irradiation. 3.2870.09 mA

Slope efficiency before irradiation. 180.579.8 mW/mA
Increase in threshold current after irradiation. 3.070.4 mA

Ratio of slope efficiency after irradiation to before. 0.7370.04 —

Increase in threshold current after irradiation and one week of annealing at

10mA compared to before irradiation.

0.9470.11 mA

Ratio of slope efficiency after irradiation and one week of annealing at

10mA to before irradiation.

0.8870.03 —

Increase in threshold current after irradiation and one week of annealing at

10mA and one week at 20mA compared to before irradiation.

0.4270.13 mA

Ratio of slope efficiency after irradiation and one week of annealing at

10mA and one week at 20mA to before irradiation.

0.9870.03
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Fig. 12. LI curves for an unirradiated and irradiated VCSEL. The measured proton fluences have been converted to 1MeV neutron

equivalent values using the NIEL values in Table. 1.

Table 3

Summary of before and after irradiation data for the 4 VCSELs

in the 24GeV/c proton irradiation

Parameter Mean value Units

Threshold before irradiation 4.3370.27 mA

Slope efficiency before

irradiation

147723 mW/mA

Increase in threshold current

after irradiation

3.7470.15 mA

Ratio of slope efficiency after

irradiation to before

0.6070.07 —
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proton data. Therefore, this effect cannot explain
the difference in the results between the 30MeV
and 24GeV/c proton data. One would expect
slightly more annealing in the 24GeV/c proton
data than in the 30MeV proton data. The
apparent significance of the difference for the
threshold shift and the ratio of slope efficiency
would be 2:6s and 1:6s; respectively. However the
statistical significance of these discrepancies can-
not be estimated assuming Gaussian statistics
because of the very small number of devices in
the 30MeV proton irradiation sample (4
VCSELs).
The probability that larger discrepancies than

those observed occurs for two measurements due
to statistical fluctuations with the actual sample
sizes used was evaluated using a simple ‘‘toy’’
Monte Carlo programme. This programme gener-
ated 10 000 samples of the same size as used for the
two data sets (20 VCSELs for the 30MeV proton
data and 4 VCSELs for the 24GeV/c proton data)
using pseudo random numbers generated from
identical Gaussian distributions. The probability
of obtaining a larger difference (in terms of
number of s) between the two data sets for the
threshold shift (ratio of slope efficiencies) is 4.3%
(17%).
One can therefore conclude that the radiation

damage data for 30MeV protons and for 24GeV/c
protons are consistent within errors with the NIEL
scaling hypothesis.

5.4. Gamma irradiation results

Two sets of PCBs (sets A and B) each containing
5 VCSELs were placed at two different locations
to study any possible dose rate effects. The dose
rate was 60 kGy(Si)/h for set A and 7 kGy(Si)/h for
set B. The LI curve of the first VCSEL in set A is
shown for various doses (Fig. 13).
There is a small decrease in optical power at

high current with dose but this is probably due to
an increase in temperature during the measure-
ment. Two further sets of 5 VCSELs (sets C and
D) were then irradiated under a constant bias
current of 10mA at a dose rate of 60 kGy(Si). The
average relative light output at 10mA after
irradiation compared to before irradiation was
calculated for each of the 4 sets and the results are
given in Table 4.
From these results it can be seen that there is no

significant decrease in light output with the gamma
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Fig. 13. LI curve of one VCSEL after gamma irradiation to various doses.

Table 4

Relative light output (RLO) at 10mA, after irradiation

compared to before irradiation

VCSEL

set

Biased during

irradiation

Dose rate

(kGy/h)

Dose

(kGy)

Mean RLO

A No 60 580 0.9670.03
B No 7 600 0.9870.03
C Yes 60 600 0.9570.03
D Yes 60 600 0.9670.03
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irradiation, even for a dose of a factor of 6 larger
than expected for the 10 yr of SCT operation.

6. Lifetime studies

The sample of VCSELs irradiated with 30MeV
protons and subsequently annealed was used for
the accelerated ageing studies. 20 VCSELs were
operated at a bias current of 10mA at a
temperature of 1001C. The ageing test was
operated for a total of 2534 h and no device
showed any significant decrease in light output
during the tests. It is conventional to define a laser
failure as a decrease in light output of more than
3 dB. With this definition there were no failures.
This result can be converted into an upper limit on
the failure rate using Poisson statistics.

Rfail ¼
1

NDt

� �
ln

1

1� C

� �
ð1:3Þ

where N is the total number of devices, Dt is the
total time, and C is the confidence level (c.l.) used.
At 90% c.l. the failure rate is therefore less than
4.5� 10�5 h�1. This upper limit on the failure rate
can be scaled to different temperatures using the
Arrhenius equation (1.1). Since the VCSEL ageing
is only expected when the devices are powered,
other factors are required in order to convert the
result to 10 yr of ATLAS operation. A factor of 3
is used to allow for the fraction of a year in which
ATLAS will be operating, a factor of two to allow
for an equal number of ‘‘1s’’ and ‘‘0s’’ in the data
(the SCT data links use NRZ12 data, therefore no
light is used when sending ‘‘0s’’) and a further
factor of two to allow for the expected fraction of
the time that the data links are sending data. With
these assumptions, the expected VCSEL failure
rates for different assumed operating temperatures
are given in Table 5.
It can therefore be seen that the expected failure

rate is extremely low for any reasonable operating
temperature.
The analysis presented here was performed

assuming Poisson statistics for the failure rate.
From the high statistics, high temperature accel-

erated ageing tests performed by the manufacturer
of the VCSELs used in this work, a good fit was
obtained to a Weibull distribution [14]. The
Weibull distribution for the failure times t is of
the form

f ðtÞ ¼
a
ba

ta�1 expð�t=bÞ: ð1:4Þ

The parameter a can be regarded a measure of
the deviation from an exponential (as expected for
Poisson statistics) and in the case a ¼ 1; the
Weibull function reduces to an exponential with
a Mean Time To Failure (MTTF) equal to b: The
fit of the manufacturer’s accelerated ageing data
gave a value of a ¼ 1:7 [14]. A Weibull function of
the form of Eq (1.4) with this value of a was used
to analyse the data obtained in this study (no
failures in 20 devices, operated for 2534 h at
1001C). The resulting 90% c.l. upper limit on the
MTTF is 8990 h, which is significantly less than the
value of 22 000 h obtained with the assumption of
Poisson statistics.
This MTTF can then be scaled with the

acceleration factors from the Arrhenius equation
and the expected failure rates for 10 years of
ATLAS operation can be computed. The resulting
predicted failure rates were much lower than those
calculated assuming Poisson statistics (given in
Table 5). This result is a general feature of the
Weibull function which peaks at non-zero values
of time, t; compared to the exponential distribu-
tion which always peaks at t ¼ 0: Therefore
weaker limits will be obtained on the MTTF for
the Weibull distribution. However, the predicted
failure rates for values of t much less than the

Table 5

Ninety per cent c.l. upper limits on VCSEL failure rates for

10 yr of ATLAS operation for different operating temperatures

Operating temperature (1C) Failure rate (%)

0 3.7� 10�4

10 1.7� 10�3

20 6.8� 10�3

30 2.5� 10�2

40 8.5� 10�2

50 2.7� 10�1

60 7.9� 10�1

12Non-Return-to-Zero.
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MTTF (as is the case for LHC operation) will be
lower.

7. Conclusions

A sample of VCSEL was irradiated with 30MeV
protons to a fluence which was 40% higher than
expected for the worst case in the SCT. This
30MeV proton irradiation data for the VCSELs
showed that there were significant threshold shifts
and decreases in slope efficiency for the VCSELs.
However, a lot of the radiation damage could be
annealed by one week of operation at a constant
current of 10mA. After one further week of
annealing at 20mA nearly complete annealing
of the threshold current and complete annealing of
the slope efficiency were observed. During ATLAS
operation, the VCSELs will be operated at a
current of 10mA whilst sending data, therefore a
long period for annealing will occur. If necessary
the VCSELs could be operated at a current of
20mA during periods with no beam. The radiation
damage data from 24GeV protons showed similar
behaviour as expected from the NIEL hypothesis.
As expected for VCSELs, the gamma irradiation
showed no significant degradation in VCSEL
performance even for a dose of a factor of 6
higher than expected for the worst case in the SCT.
From the accelerated ageing tests of the irradiated
VCSELs, the expected failure rate for the 10 years
of ATLAS operation is very low. Therefore these
VCSELs can be considered qualified for reliable
operation in the SCT.
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