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ABSTRACT
Low-power consumption, high efficiency and high bandwidth surface emitting semiconductor optical sources are critical 
elements in the development of future photonic systems for space and civil nuclear applications. In this paper, we report on  
preliminary high total dose experiments performed on two types of recently developed microcavity emitters  : VCSELs and 
microcavity LEDs. We gamma irradiated a total of twelve commercially available packaged VCSELs and two home-made  
flip-chipped 2x2 microcavity LED arrays.  For doses between 5·106  Gy and 1.3·107 Gy the VCSELs show a threshold 
current increase lower than 20 % and an output power decrease lower than 10 %. These values are even smaller if the 
VCSEL is operated at a higher temperature. At a dose of 3.14·107 Gy, one VCSEL still showed satisfactory operation. The 
microcavity LEDs suffered from a burn-in after radiation but recovered quickly when biased. Their output power decrease  
is comparable to that of the VCSELs, while their quantum efficiency is not much affected. The specifications of both types 
of devices are not substantially altered by high gamma doses and can therefore be considered for application in enhanced  
radiation environments.

Keywords: radiation  effects,  space  radiation,  nuclear  radiation,  gamma  radiation,  semiconductor  optical  source,  
vertical-cavity surface-emitting laser, VCSEL, resonant cavity, microcavity light emitting diode, LED.

1. INTRODUCTION

Vertical emitters offer well-known advantages in comparison to conventional edge-emitting emitters, such as better output  
beam characteristics resulting in more efficient coupling to optical fibers, the possibility to fabricate two-dimensional arrays  
of devices adapted to photonic interconnect purposes, the possibility for on-wafer testing and easy packaging. For VCSELs,  
additional advantages include a controllable active layer thickness resulting in single longitudinal mode operation, possible 
single transverse  mode operation,  low threshold current  and high  temperature operation.[1]  Compared  to conventional  
planar  light  emitting  diode  (LEDs),  microcavity  LEDs  (MCLEDs)  offer  good  speed  characteristics  and  an  increased 
efficiency for a relatively inexpensive fabrication.[2]
Vertical emitters are also expected to become of increasing importance in the construction of photonic space based systems 
which require low power consumption,  high efficiency,  low divergence,  low weight  and small size optical  sources.[3]  
Examples of application for such devices include optical interconnects, high speed – massively parallel signal processors, 
optical  correlators  and  optical  sensors.[1,4]  The  case  of  optical  fiber  sensors  and  conventional  optical  fiber  data-
communication links is also very relevant to the civil nuclear industry, where a growing interest exists in the possibilities  
offered  by  photonic  technology  to  enhance  instrumentation  systems  for  e.g.  remote-handling  and  reactor  monitoring  
applications.[5]  Such remote-handling applications  typically require  the use of  robots,  which  need  to gather  extensive  
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information regarding their environment. An essential characteristic for these robots is their ability to sense distances and  
avoid  collisions.[6]  Recently,  a  vertical-cavity  surface-emitting  laser  (VCSEL)  based  optical  distance  sensor  was 
demonstrated  which  does  not  require  the  use  of  any  photodetector.[7]  This  approach  is  extremely  interesting  for  
applications in radiation environments since photodetectors are known to show a considerable radiation sensitivity, whereas 
recent radiation experiments on VCSELs indicated their good radiation hardness.[8-13]
Morgan et al.[8] first reported on neutron irradiation of VCSELs. Their light output was less affected than light emitting  
diodes.[8]  Taylor  et al.[9] and Schöne et al.[10] also reported on the effects of 4.5 MeV proton radiation on 780 nm  
implanted VCSELs. Here, the effect of carrier removal and creation of nonradiative recombination were found to differ  
from  edge-emitting  laser  diodes.  No  change  in  lasing  threshold  for  single  mode  devices  was  detected,  whereas  for  
multimode VCSELs, the maximum threshold current shift was 15 %, when exposed to 16.1·10 4 Gy of 4.5 MeV protons. At 
this dose, the peak output power decrease reached 3.2 % per 10 4 Gy for the multimode devices.[10] Neutron irradiation of 
the  VCSELs  resulted  in  similar  observations,  where  forward  bias  annealing  again  produced  almost  complete  device 
recovery.[11]  Gamma irradiation  up  to  a  total  dose  of  6.5·104  Gy resulted  in  almost  no observable  change  in  device 
characteristics.[11] VCSELs were also considered for application in high-energy physics systems.[12-14] A batch of 150  
Sandia National Laboratories devices was exposed to neutron and proton fluences and were found to be more radiation 
hardened than GEC-LEDs and ABB-LEDs. The VCSELs which were pulsed at normal operating current during irradiation  
showed no degradation up to proton fluences of about 1014 p·cm-2, whereas for those which were off during the irradiation, 
the threshold current increased. Complete annealing of this radiation damage was observed after driving the devices for a  
few days at normal operating current.[12] Lundquist et al.[13] compared commercially available Honeywell HFE4080-321 

and Mitel 1A440 VCSELs under both neutron and gamma radiation. During the irradiation, the VCSELs were kept under 
constant bias above threshold. Up to 1 MeV neutron fluences of 1.8·1013 n·cm-2 and 2.25·1013 n·cm-2, no change in threshold 
current could be observed. The output power decreased by 5 % to 10 % immediately after the start of the irradiation,  
followed by a slight increase in attenuation during the course of the irradiation. This attenuation seems independent of the 
bias current level and recovers to within 95 % of the pre-irradiation level. For the VCSELs exposed to gamma radiation, up  
to  total  doses  of  4.4·103 Gy  and  5.8·103 Gy,  different  attenuation  characteristics  were  observed.  The  attenuation  is 
proportional to the accumulated dose and remained lower than 5 %. Whether this is due to the window or lens on the device 
package is not clear from [13]. No threshold current shift was detected. There was no evidence for significant annealing  
after gamma irradiation.[13]
Generally speaking, the effects of various types of radiation on semiconductor optical sources are well-documented. These  
devices are more sensitive to particle radiation than gamma radiation.[15-19] In addition, space radiation consists mainly of  
charged particles.[20] Therefore, most reports focus on particle radiation, while gamma radiation experiments rarely exceed  
total  doses  of  106 Gy.[15]  If  such  devices  are  intended to be  used  in civil  nuclear  infrastructures,  such  as  the future 
International Thermonuclear Experimental Reactor (ITER), exposures to total doses in excess of 10 7 Gy can be expected.
[21-22] Our paper therefore focuses on high total dose (up to 3·107 Gy ≡ 3·109 Rad) gamma radiation testing of two types of 
vertical  emitters,  VCSELs  and  MCLEDs.  With  the  VCSELs,  we  try to  complement  the  information  available  in  the 
references cited earlier by addressing a higher gamma dose range. For the MCLEDs however, little or no information is  
available regarding their radiation resistance. Our results have to be taken with specific care since all the measurements  
occurred off-line, i.e. they were performed while the devices were removed from the radiation field. During irradiation, the 
devices where unbiased. In addition, the VCSELs were packaged in TO-type casings, whereas the RCLEDs where flip-chip 
bonded to a glass substrate.

2. TARGET DEVICES AND EXPERIMENTAL CONDITIONS

1. Vertical-cavity surface-emitting lasers
A total of 12 VCSELs were irradiated, consisting of three batches of commercial-off-the shelf (COTS) multimode devices.  
The first batch consisted of five Honeywell HFE4080-321 VCSELs (850 nm), numbered A1 to A5. The P-I-V curves of 
these devices were measured before and after a particular irradiation dose. Each of these VCSELs received a different total 
dose (cf. section 2.3). After the post-irradiation measurement, the devices were no longer exposed to radiation and were 
allowed  to  rest  to  evidence  possible  recovery  phenomena.  The  P-I-V  curves  of  a  second  batch  of  five  Honeywell 
HFE4080-321 VCSELs, numbered B1 to B5, were recorded between successive irradiation steps. After completion of a  
measurement, the VCSELs were inserted back into the radiation field. All the Honeywell VCSELs were packaged in a  
TO-46 type casing, with a flat window. A third batch consists of two TO-46 packaged Mitel (850 nm) devices labeled M1  
and M2, which followed the same irradiation-measurement sequence as VCSELs B1 to B5. VCSEL M1 (type 1A440 ) had 
a flat window, whereas VCSEL M2 (type 1A444) was a lensed device.

2. Resonant-cavity light emitting diodes
Conventional  planar  LEDs  suffer  from a  low  extraction  efficiency.  Only  a  part  of  the  emitted  photons  escapes  the  



semiconductor, due to the low angle of total internal reflection. As a result, the total efficiency of planar LEDs is under 2 %. 
In an MCLED, the active region in placed between 2 mirrors. These mirrors act as a Fabry-Perot cavity. Depending on the  
cavity length and the wavelength, constructive or destructive interference occurs, resulting in an increased or decreased  
field amplitude at the active region. The amplitude of the electric field at the active region determines the spontaneous  
emission rates. A well-designed cavity thus alters the emission pattern of the active layer, resulting in LEDs with decreased  
spectral width, increased extraction efficiency, increased modulation characteristics and/or decreased far field width.
The microcavity effect in semiconductor devices has been studied extensively. Schubert et al [23] demonstrated devices at  
930 nm. These devices exhibited a narrower FWHM spectrum and showed modulation speeds up to 622 Mbit/s. Deppe et  
al. [24] demonstrated MCLEDs emitting at 940 nm with an increased 3dB modulation frequency. The microcavity effect  
was used by De Neve et al. [25] to enchance the extraction efficiency, resulting in record values of 22 % (although this  
value was partially obtained using the photon recycling principle). In this work, MCLEDs are used that are optimized for  
coupling to a numerical aperture of 0.5, for guided wave interconnect applications.[26]
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Fig. 1 : Structure of a microcavity light-
emitting diode (MCLED)

Fig. 2 : MCLED array flip-chip 
mounted on a glass substrate
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Fig. 3 : Measured P-I-V curves of unirradiated MCLEDs with different diameters :
85 µm, 40 µm and 30 µm.

The structure of a substrate emitting MCLED is shown in figure 1. It consists of a metal mirror, also serving as p-contact,  
an AlGaAs spacer with 3 InGaAs quantum wells (with intrinsic spontaneous emission spectrum peaked at 980 nm), and a  
GaAs/AlAs Distributed Bragg Reflector (DBR). The LEDs are flip-chip mounted onto a glass substrate using a microbump  
technology  (cf.  fig.  3).  Our  devices  under  test  consisted  of  two  of  such  MCLED  arrays,  labeled  R1  and  R2.  They 
experienced the same irradiation sequence as VCSELs B1 to B5 (cf. section 2.3).
The measured P-I-V characteristics before irradiation are shown in figure 3.  The external  quantum efficiency depends  



strongly  on  the  LED diameter.  The smallest  MCLEDs  saturate  fast  due  to  thermal  effects  and  carrier  overflow.  The 
maximal quantum efficiency is 12% (for 85 µm devices). The smallest MCLEDs show the largest voltage drop.

3. Radiation conditions and post-irradiation measurements
All the targets were irradiated using a 60Co radiation source at SCK·CEN (Mol, Belgium), at a dose rate of 28.3 kGy·h-1.[27] 
Table  1  summarizes  the  accumulated  total  doses  received  by our  devices  in  successive  irradiation  steps.  VCSEL A5  
received the largest total dose, about 3.1·107 Gy.
The P-I-V curves of the Honeywell  VCSELs (A1 to A5 and B1 to B5) were recorded using an automated and GPIB  
interfaced set-up. A large area photodetector (Newport 818-ST), was placed in contact with the TO-46 casing window to 
collect  a  maximum amount  of  radiated  power.  During  the measurements,  the temperature  of  the devices  was thermo-
electrically controlled. Each P-I-V curve was recorded at 25 °C and 60 °C. This yielded measurements with a satisfactory  
reproducibility. Figure 4 shows 10 P-I measurements on a single VCSEL. All the curves coincide perfectly, resulting in  
standard deviations below 25 µW. The P-I characteristics of the MITEL devices and MCLEDs were recorded using a  
similar procedure, but at room temperature.

Device name Dose 1
(103 Gy)

Dose 2
(103 Gy)

Dose 3
(103 Gy)

Dose 4
(103 Gy)

Dose 5
(103 Gy)

A1 161 - - - -
A2 5494 - - - -
A3 10331 - - - -
A4 20000 - - - -
A5 31411 - - - -

B1 to B5 161 690 1276 6216 12337
M1 and M2 161 690 1276 6216 12337
R1 and R2 161 690 1276 6216 12337

Tab. 1 : Accumulated total doses for the different devices, expressed in 103 Gy.
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Fig. 4 : Ten consecutive P-I curve measurements at 25 °C on a single Honeywell HFE4080-321 VCSEL and 
their standard deviation as a function of the injection current.



4. VCSEL RESULTS AND DISCUSSION

Figure 5 shows the evolution of the P-I and V-I curves of VCSEL B1, which is representative for the behavior of all the B-
VCSELs. Gamma irradiation obviously causes the peak output power to drop as a function of total dose. The threshold 
current starts to increase only at higher total doses. To our knowledge, this is the first indication of a clear threshold current  
increase in VCSELs due to gamma radiation. Driving the VCSELs in the 20 mA to 30 mA region would allow to avoid  
major influences of high total dose gamma radiation.
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Figures 6 and 7 summarize the peak output power decrease as a function of total dose at 25 °C and 60 °C, respectively, for  
VCSELs  B1  to  B5.  Differences  exist  between  the  magnitude  of  the  observed  radiation  effects  (the  pre-irradiation  
characteristics of the VCSELs were also slightly different). After the first dose step, the peak output power decreases by a  
few percent, in accordance with the results presented [13]. This decrease includes the contribution of the TO-46 casing  
window. At 25 °C and higher doses, our results indicate that the peak output power saturates or continues to decrease, be it 
at lower rates. At 60 °C, the output power of the VCSELs even recovers at the highest  dose.  There is not yet  a clear  
explanation for the jump in the measurements at doses of 0.69·106 Gy and 1.2·106 Gy. A main conclusion is that the output 
power decrease remains limited to a few percent, with a tendency to slightly lower loss at higher temperatures.
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Fig. 6 : Evolution of the peak output power 
reduction as a function of total dose for 

VCSELs B1 to B5, at 25 °C.
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Fig. 7 : Evolution of the peak output power 
reduction as a function of total dose for 

VCSELs B1 to B5, at 60 °C.

The variation of the threshold current at the two temperatures is given in figures 8 and 9 for the B-VCSELs. A shift of the  
threshold current appears between doses of 1.3·106 Gy and 6.2·106 Gy. The lines in figures 8 and 9 are only there as a guide 
to  the  eye.  Since  no  measurement  was  taken  between  these  values,  we  can  not  determine  at  which  dose  exactly  the 
threshold current of the Honeywell devices starts to change. The changes at 60 °C are lower by about 5 %, compared to the  
threshold current increase at 25 °C. For unknown reasons, VCSEL B2 even shows threshold current changes in excess of  
100 %.
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VCSELs B1 to B5, at 25 °C.
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Fig. 9 : Evolution of the threshold current 
increase as a function of total dose for 

VCSELs B1 to B5, at 60 °C.

Results for the A-VCSELs are given in figure 10. These VCSELs were only irradiated once, with the intention to check  
their recovery behavior. No recovery could be observed however, even under forward bias annealing for several hours. At  
higher total doses, the magnitude of the radiation effects still increases, as compared to the B-VCSELs. Nevertheless, it is  
still possible to operate the VCSELs, even at high total doses, provided the current range is well-chosen. This is illustrated  
with figure 11 which depicts the P-I-V curves of VCSEL A5 (3.14·107 Gy).
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Fig. 10 : Evolution of the (a) peak output power decrease and (b) threshold current increase

as a function of total dose for VCSELs A1 to A5 at 25 °C and 60 °C.

The Mitel devices M1 and M2 also showed a degradation of their characteristics on the order of a few percents. Since the 
temperature  of  these  VCSELs  was  not  controlled,  thermal  effects  together  with  long-term fluctuations  of  the  set-up  
calibration might be responsible for the larger variations between successive measurements observed here. Again, we can 
conclude that there is no dramatic gamma radiation influence provided the operating current of the VCSELs is well-chosen.
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5. MCLED RESULTS AND DISCUSSION

After an irradiation dose of 6.2·106 Gy, the larger diameter MCLEDs showed a significant ‘burn-in’ period : the optical 
power  increased  as  function  of  time and saturated  at  values  proportional  to  the burn-in current.  Figure  13 shows the 
measured output power as a function of time for 85 µm devices, at 6.2·106 Gy and 1.2·107 Gy. Smaller devices have a much 
shorter burn-in time. This could be related to thermal effects : smaller devices exhibit higher temperature increase, and thus  
faster annealing. This behavior contrasts to the VCSELs, with which no recovery could be evidenced.
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Figures 14 and 15 show the evolution of the MCLED output power and differential quantum efficiency of some MCLEDs 



as a function of total dose. These values were recorded after stabilization of the output power (cf. Fig. 13). There is a trend  
towards increased loss, up to 13 % for the largest devices. The lower loss value recorded at 6.2·106 Gy is thought to be due 
to external influences. This assumption is supported by the coincidence with the lower loss at 6.2·10 6 Gy for the Mitel 
VCSELs (cf. Fig. 12), which were measured in the same conditions. The differential quantum efficiency was found not to 
suffer dramatically from the radiation. The application of MCLEDs in high gamma total dose environments is therefore not  
compromised, provided that burn-in effects are taken into account.  These could be eliminated by biasing the MCLEDs 
during the irradiation.
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6. CONCLUSION

In  this  paper,  we reported  on  the first  high  total  dose  experiments  on  commercially available  vertical-cavity surface-
emitting  lasers  and  home-made microcavity  LEDs.  Our  experimental  limitations  (no  on-line  measurements,  packaged  
VCSELs, irradiation temperature of 70 °C, no temperature control for Mitel VCSELs and MCLEDs) do not allow to give a 
detailed account of the physics behind the observed radiation effects. Nevertheless,  our results indicate the satisfactory  
radiation hardness of both types of devices, up to a 1.2·107 Gy total dose. The output power decrease is on the order of 10 
%. MCLEDs show a burn-in period, whereas VCSELs did not show any recovery. VCSELs still operated with acceptable  
degradation after doses of 2.0·107 Gy and 3.14·107 Gy and can therefore be envisaged for application in very high gamma 
dose-rate environments, such as those encountered around future thermonuclear fusion reactors. Future work in this area 
will include the development of radiation hardened driving electronics for these devices and particle radiation testing of the  
MCLEDs.
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