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Abstract 
 
The optoelectronic reliability of representative radioactivity-exposed nanophotodetectors and the degree of 
functionally tolerable radioactivity-induced responsivity de-emphasis, against increasing cumulative radioac-
tivity-dose, is notionally considered and modelled, with a view towards experimental findings concerning 
p-i-n photosensors being exposed to regulated successive (α, β)-particle bombardments. 
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1. Introduction 
 
The communication-technology importance of optoelec-
tronic semiconductor photodetectors has been being 
righteously discussed [1-3], with the ambient-sensitive 
functionality of their nanointerface interestingly focused 
upon.  

Unfavourable functional alteration is, still, known to 
result from exposure of semiconductor optical-signal sen 
-sors to a particle-irradiation environment, as in the case 
of optoelectronic nanodevices carried by Space vehicles. 
And yet, appropriate assessment of such performance-
consequences may allow for the emergence of a reliabil-
ity interval regarding the optoelectronic responsivity of 
the photodetector, despite its ambient-fatigue, like its 
radioactivity-induced photoresponse de-emphasis, in part 
-icular. 

The non-ionising energy loss of the incoming bom-
barmsnt particle has been monitored, for example, for 
GaAs and Si devices as leading to displacement damage. 
Such lattice disruptions are believed to invoke deep-level 
defect-states modifying the electrical properties of the 
device active material and even onsetting relaxation-like 
and semi-insulating behaviour.  

In the present, work the optoelectronic reliability of 
representative radioactivity-exposed nanophotodetectors 
and the degree of functionally tolerable radioactivity- 
induced responsivity de-emphasis, against increasing 
cumulative radioactivity-dose, is notionally considered 
and modelled. Systematic experimental findings concer- 

ning commercial p-i-n photodetectors being exposed to 
regulated successive α-particle bombardments appear in 
compliance with the analysis and reveal noteworthy tren- 
ds of radiation-effected optoelectronic-yield alteration.  
 
2. Modelling Scheme 
 
Choosing to be monitoring the optoelectronic reliability 
of the photodetector nanointerface ultimately through the 
device detection yield Y, we employ as its exact defini-
tion in this study the number of photogenerated charge 
carriers per incident illumination photon. Thus, it may be 
expressed as the ratio of the time rate of creation of 
flowing photocarriers (1/e) I (with e being the elemen-
tary electron-charge and I the detection photocurrent 
responding to the illumination beam impinging upon the 
photodiode under study) over the temporal rhythm of 
incidence of illumination photons AΦ (with A being the 
exposed photodiode-surface area and Φ the illuminat-
ing-beam photonic flux (photons/( cm2·s))): 

Y = (1/e) I/(AΦ)  .            (1) 

On the other hand, the number (1/e) I of charge carri-
ers photogenerated per unit time is given by that part of 
the number AΦ of illumination photons striking the ex-
posed nanodevice per temporal unit which having es-
caped reflection at the illuminated surface (by a prob-
ability of (1 – R), R being the reflectivity of the ex-
posed-surface semiconductor at the specific illumination 
wavelength) inhabit mainly [4] the photodiode deple-
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tion-zone (by a cumulative occupation probability of [1 – 
exp (–αW)] with α being the depletion-zone material  
absorption-coefficient for the specific illumition wavelen 
-grh and W the depletion-zone width valid for the value 
of reverse bias applied to the sensor under testing, deriv-
ing as the difference between probability of photonic 
entrance into and probability of photonic exit from the 
depletion-zone extension under the assumption of shal-
low depletion-zone, materialising for the technologically 
conventional photodetectors, like the commercial p-i-n 
photodiodes) and, furthermore, succeed (by a quantum 
efficiency of F corresponding to the specific illumina-
tion-wavelength) in being absorbed within the depletion 
zone, ultimately energetically liberating initially bound 
(in the semiconductor valence-band or at impurity or 
lattice-defect trap-levels) charge carriers: 

(1/e) I = F [1 – exp(–αW)] (1 – R) AΦ.    (2)  

It is, then, obvious that the photodetector nanointer-
face detection yield Y, as defined by (1), is expressible, 
by virtue of (2), as  

Y = F [1 – exp (–αW)] (1 – R)            (3) 

which describes the detection-yield dependence upon 
chosen illumination-wavelength λ (through the λ-related 
quantities F, α, and R) and applied reverse bias V 
(through the phodetector diodic depletion-region width 
W).  

A noteworthy prediction, then, regarding the radia-
tion-hardness optoelectronic reliability of the photode- 
tector nanointerface, as exemplified by its detection yield 
behaviour and sustainability, is that it would be essen-
tially effected upon by the radioactivity dose δ influenc-
ing chiefly its (internal) quantum efficiency F (poten-
tially codified, thus, as F (λ; δ) ), with the non-excluded 
possibility that, for each cumulative radioactivity-particle 
intaking, transcending a critical photonic flux of illumi-
nation could through some “photonic-congestion state” 
adequately liberate the detection yield from radioac-
tive-radiation impediments. 

The experimentally measured, now, conductivity cur-
rent through the illuminated reverse-biased diodic 
phosensors comprises the optoelectronic response photoc  
-urrent I and the dark saturation-recombination current 
(saturation of the dark reverse current having been 
reached at the sufficiently high reverse bias regularly 
applied), both flowing in the reverse sense with respect 
to a forward-biased diodic photodetector’s dark conduc-
tion situation.  

As, then, is well known [5-7], the dark saturation – 
recombination diodic current is at a given absolute sen-
sor- ambient temperature determined by the dark deple-
tion-zone built-in voltage value, indicatively measuring 
for commercial Si p-i-n photodiodes below 200 - 300 nA 

against registered total conductivity-current values of 
units or tens of a μA through wide-range and high-level 
photonic fluxes. These facts render the directly measured 
overall conductivity-current permeating the photodetec-
tor nanointerface adequately approaching the net opto-
electronic detection photocurrent I.  
 
3. Experiment 
 
The experimental configuration comprises the infrared 
(IR) LASER-beam emitter unit, an optical fiber wavegui 
-de, and the photodetector nanodevice part: Dou bleheter 
-ojunction AlGaAs IR-LASER diodes emitting in the 
0.78 μm band are launched into the front end of a 1 m 
long. 3 mm in diameter, single-mode, Eska high perfor 
-mance plastic optical fiber connected at its rear end to 
(preferentially up to this stage but not exclusively) com-
mercially conventional, narrow receiving-angle, linear 
response, fast switching-time, Si p-i-n photodiodes ex-
hibiting peak responsivity for incoming wavelengths 
between 0.75 and 1.00 μm.  

Each double-heterostructure AlGaAs IR-LASER di-
ode is controlled through a special, high-fidelity, cur-
rent-source sustaining up to 54 mA of injection current. 
The optical power at the output port of the Eska fiber 
waveguide is exactly measured at each LASER diode 
injection-current level utilised by a Melles Griot, 4-digit, 
universal optical-power metre bearing a 10-mm-aperture 
Si-detector head. These optical power P measurements 
along with each illuminated Si p-i-n photodiode’s area A 
lead to the respective energetic intensity Θ = P/A 
(μW/cm2) values, which through the straightforward re-
lation Θ = h (c/λ) Φ, with h being Planck’s action con-
stant and c being the universal constant of the speed of 
light, furnish the photonic-flux Φ (photons/( cm2·s)) data 
as witnessed by the photodetector nanodevice investi-
gated each time, for the successive LASER-diode injec-
tion-current levels employed.  

The optoelectronic response of the diodic photodetec-
tor studied per experiment whilst sensing the incident IR 
signal is on the other hand monitored at each experimen-
tal step in terms of the photocurrent I flowing through its 
nanointerface. For the series of optoelectronic-reliability 
experiments (performed at room temperature) concerning 
Si p-i-n photodetectors in particular and reported here, 
the order of magnitude of the impingent IR photonic flux 
Φ ranges from 4.6 × 1014 to 8.0 × 1015 photons/( cm2·s), 
whereas the resulting detection-photocurrent I permeat-
ing the Si photodiodes varies from, around, 2 to 70 μA.  

For each Si p-i-n IR photodetector nanointerface stud-
ied, the optoelectronic- response I-Φ characteristic curve 
is experimentally traced both prior to and after exposure 
to some decided cumulative radioactive α-particle dose δ 
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(α-particles/cm2) materialising through the bombarding   
of the photodetector at a constant α-particle flux (α-partic 
-ules/(cm2·s)) for a prederemined time-interval.  

The radioactive α-particle source utilised for the ex-
periments described here is of 241Am nuclide with a 2.87 
mm face-diameter and a mean emitted α-particle en-
ergy-value of approximately 5 MeV. Care is taken that 
the 241Am source is properly situated in almost direct 
contact to each exposed photodetector nanodevice for the 
time period desired. The exact cumulative α-particle dose 
to which the photodetector has been, thus, exposed is 
evaluated by consideration of this time interval along 
with the accurate α-particle flux at the site of the exposed 
photodiode, measured by a Leybold Heraeus Geiger-Mul 
-ler counter.  

The basic processing of the experimental (plausibly 
singly or piece-wise linear) I-Φ characteristics for any 
photosensor considered provides the absolute value(s) (in 
photogenerated flowing charge-carriers per incident visi-
ble or IR illumination-photon) of the nanodevice’s detec-
tion yield Y, which in accordance with its notion and 
definition (1) may be obtained through the photodetector 
optoelectronic-response-curve slope (ΔI/ΔΦ) calculated 
by a least-squares fitting as： 

Y = [1/(eA)] (ΔI/ΔΦ)             (4)  
 
4. Radioactivity-Exposed Nanophotodetector  

Optoreliability-Assessment   
 
Detailed investigations during the series of experiments 
have, with respect to the set of commercial encapsulated 
Si p-i-n photodetectors and α-particle 241Am source, 
traced a cumulative-dose threshold δ0 of around 4.2 × 109 
α-particles/cm2 necessary to surpass for clearly measur-
able radioactivity-induced performance-effects, interest-
ingly comparably to relevant findings referring to ob-
servable particle-irradiation-produced operation-modific- 
ations in AlGAs/GaAs quantum-well IR-photodete- 
ctors [5].  

Fundamental features of our systematic experimental 
correlation between magnitude of radioactivity-induced 
performance alteration of photodetector nanointerfaces 
and cumulative particle-irradiation-dose intaken include 
the following (traceable also in representative Figure 1. 
deriving from IR at λ = 780 nm illumination), registered 
for Si Photodiodes exposed as above:   

1) Overall attenuation of the detection photocurrent I 
for each photonic flux Φ impinging upon the photodetec-
tor’s illuminated area by a factor dropping to, about one 
fifth its low-flux-regime value upon proceeding (in al-
most the middle of the employed flux-range [4.6 × 1014 

to 8.0 × 1015 ] photons/(cm2·s)) to the high-flux region. 
The relative magnitude of the detection photocurrent 
after-exposure attenuation factors appears uniform for 
the different α-particle cumulative exposure-dose-levels 
employed (up to about Δ = 3.2 × 1012 α-particles/cm2 , 
wherefrom extinction-like effects seem to be setting on), 
though expectedly their absolute values are connected 
with the respective total radioactivity-dose for each ex-
perimentally traced I-Φ characteristic curve. 

2) Splitting of the single pre-exposure optoelectronic- 
response linearity into two distinct consecutive after 
exposure linearity-regimes of different slope (embody-
ing the differing detection yield), stemming away from a 
clearly defined kink observed, uniformly for any tested 
cumulative particle-irradiation-dose) at an incoming-
photonic-flux level of Φ* = 5 × 1015 photons/(cm2·s), in 
about the middle of the employed photonic-flux range. It 
is noteworthy that the high photonic-flux after exposure 
linearity-regime extends with a slope (detection yield) 
essentially equal to the one marking the single pre-expo-
sure I-Φ linearity, for any α-particle cumulative expo-
sure-dose δ surpassing the relevant threshold δ0 and up 
to the “extinction demarcation” Δ.  

3) Optoelectronic response dynamic stability, as 
manifested by the inverse of the relaxation-time preced-
ing the fully reliable reading of the successive detection 
photocurrent I values, degraded by almost a factor of 2.  

The respective optoelectronic-yield Y value is straight 
forwardly deduced to be approximately 21 photogener-
ated flowing charge carriers per incident infrared photon  

On the other hand, Figure 2. traces the evolution of 
the detection yield Y, concerning the optoelectronic 
response of the previous photodetector class to the ap-
plied IR illumination photonic fluxes Φ transcending the 
“photonic-congestion state” ignitionpoint Φ*= 5 × 1015 
photons/(cm2·s), against cumulative particle-irradiation 
dose δ increasing from radioactivity-consequence 
threshold δ0 of, around, 4.2 × 109 α-particles/cm2  to 
beyond the “extinction demarcation” Δ = 3.2 × 1012 
α-particles/cm2 . 

The above prime characteristics of the after-exposure 
optoelectronic performance of tested photodetector nan- 
ointerfaces appear understandably consistent with the 
adequately established observation of other research- 
ers that particle-bombardment-invoked lattice displace-
ment damage results in degradation of carrier mobility 
and lifetime, causing a decrease in the device’s opto-
electronic dark-current and responsivity [4,5]. And yet, 
novel trends and invariants are herewith plausibly re-
vealed. 
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Figure 1. Representative Si p-i-n photodetector optoelectronic-response I-Φ experimental characteristic (I in μA, IR at λ = 
780 nm Φ in ×1015 photons/(cm2·s)) monitored prior to (upper marks) and after (lower marks) the photodiode’s exposure to a 
cumulative α-particle dose of 3.8 × 1010 α-particles/cm2, well above the pertinent threshold. 
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Figure 2. Evolution of the detection yield Y (given in equivalent values of the I-Φ characteristic-curve slope (ΔI/ΔΦ) in 
μA/(1015 photons/(cm2·s)), concerning the optoelectronic response of the previous (Fig. 1) photodetector class to the applied 
IR illumination photonic fluxes Φ transcending the “photonic-congestion state” ignition-point Φ*= 5 × 1015 pho-
tons/(cm2·s), against cumulative particle-irradiation dose δ increasing from radioactivity-consequence threshold δ0 of, 
around, 4.2 × 109 α-particles/cm2  to beyond the “extinction demarcation” Δ = 3.2 × 1012 α-particles/cm2 . 
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5. Conclusions 
 
In conclusion, evidence of the character of the optoelec-
tronic reliability of representative radioactivity-exposed 
nanophotodetectors and the degree of functionally toler-
able radioactivity-induced responsivity de-emphasis, 
against increasing cumulative radioactivity-dose, is no-
tionally considered and modelled. Experimental results 
regarding the sample class of commercial encapsulated 
Si p-i-n IR photodetectors exposed to α-particle bom-
barding, are obtained both consistent with the modelling 
scheme and conducive to reliable predictions for rele-
vant-devices functioning either in a Space-application 
environment or as intended radioactivity-sensors and cou 
-nters.  

Notably, the optoelectronic reliability (as codified by 
the detection yield) of photodetector nanodevices ap-
pears rather immune to radiation hardship, provided that 
the cumulative particle-irradiation-dose intaken does not 
exceed a pertinent “extinction demarcation” and that the 
illuminating photonic-flux transcends the “photonic- 
congestion state” ignition-point. 
 
 
 

6. References 
 
[1] E. A. Anagnostakis, “Photoconductive Response of GaAs 

Epitaxial Layers,” Applied Physics A, Vol. 54, No. 2, 
1992, pp. 68-71. doi:10.1007/BF00348133 

[2] E. A. Anagnostakis, “Determination of Persistent Photo-
conductivity within Semiconductor Epitaxial Layers by 
Photoconductive Gain,” Physical Review B, Vol. 46, No. 
3, 1992, pp. 7593-7595. doi:10.1103/PhysRevB.46.7593 

[3] E. A. Anagnostakis,“Semiconductor-Nanoheterointerface 
Eigenstate Photonic Modification,” Journal of Non-Crys-
talline Solids, Vol. 354, No. 1, 2008, pp. 4233-4237. 
doi:10.1016/j.jnoncrysol.2008.06.029 

[4] D. Wood, “Optoelectronic Semiconductor Devices,” Pren-
tice Hall International Ltd, London, 1994, pp. 247-162.  

[5] S. M. Sze, “Physics of Semiconductor Devices,” Wiley 
Interscience Ltd, New York, 1969, pp. 130-142. 

[6] E. A. Anagnostakis, “Photoconductive Gain of Semicon-
ductor Epitaxial Layers,” Physical Status Solidi A, Vol. 
127, No. 1, 1991, pp. 153-158.  
doi:10.1002/pssa.2211270116 

[7] E. A. Anagnostakis, “Lateral Photovoltage as a Probe of 
MODFET Channel Disorder,” Physica Status Solidi B, 
Vol. 172, No, 6, 1992, pp. K61-K63. 
doi:10.1002/pssb.2221720228 

  
 
 
 
 
 
 
 
 
 
 
 
 

http://dx.doi.org/10.1007/BF00348133
http://dx.doi.org/10.1103/PhysRevB.46.7593
http://dx.doi.org/10.1016/j.jnoncrysol.2008.06.029
http://dx.doi.org/10.1002/pssa.2211270116
http://dx.doi.org/10.1002/pssb.2221720228


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.66667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.66667
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 807.874]
>> setpagedevice



Journal of Modern Physics, 2011, 2, 766-770

doi:10.4236/jmp.2011.27089 Published Online July 2011 (http://www.SciRP.org/journal/jmp)

768

E. A. ANAGNOSTAKIS

767

E. A. ANAGNOSTAKIS



On Radioactivity–Exposed Nanophotodetector 

Optoreliability

Emmanuel A. Anagnostakis

Hellenic Air Force Academy, Dekeleia, Greece

E-mail: Emmanagn@otenet.gr

Received March 10, 2011; Revised April 21, 2011; Accepted May 3, 2011

Abstract

The optoelectronic reliability of representative radioactivity-exposed nanophotodetectors and the degree of functionally tolerable radioactivity-induced responsivity de-emphasis, against increasing cumulative radioactivity-dose, is notionally considered and modelled, with a view towards experimental findings concerning p-i-n photosensors being exposed to regulated successive (α, β)-particle bombardments.
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1. Introduction

The communication-technology importance of optoelectronic semiconductor photodetectors has been being righteously discussed [1-3], with the ambient-sensitive functionality of their nanointerface interestingly focused upon. 

Unfavourable functional alteration is, still, known to result from exposure of semiconductor optical-signal sen
-sors to a particle-irradiation environment, as in the case of optoelectronic nanodevices carried by Space vehicles. And yet, appropriate assessment of such performanceconsequences may allow for the emergence of a reliability interval regarding the optoelectronic responsivity of the photodetector, despite its ambient-fatigue, like its radioactivity-induced photoresponse de-emphasis, in part
-icular.

The non-ionising energy loss of the incoming bombarmsnt particle has been monitored, for example, for GaAs and Si devices as leading to displacement damage. Such lattice disruptions are believed to invoke deep-level defect-states modifying the electrical properties of the device active material and even onsetting relaxation-like and semi-insulating behaviour. 


In the present, work the optoelectronic reliability of representative radioactivity-exposed nanophotodetectors and the degree of functionally tolerable radioactivity- induced responsivity de-emphasis, against increasing cumulative radioactivity-dose, is notionally considered and modelled. Systematic experimental findings concer-
ning commercial p-i-n photodetectors being exposed to regulated successive α-particle bombardments appear in compliance with the analysis and reveal noteworthy tren-
ds of radiation-effected optoelectronic-yield alteration. 


2. Modelling Scheme

Choosing to be monitoring the optoelectronic reliability of the photodetector nanointerface ultimately through the device detection yield Y, we employ as its exact definition in this study the number of photogenerated charge carriers per incident illumination photon. Thus, it may be expressed as the ratio of the time rate of creation of flowing photocarriers (1/e) I (with e being the elementary electron-charge and I the detection photocurrent responding to the illumination beam impinging upon the photodiode under study) over the temporal rhythm of incidence of illumination photons AΦ (with A being the exposed photodiode-surface area and Φ the illuminating-beam photonic flux (photons/( cm2·s))):

Y = (1/e) I/(AΦ)  .            (1)

On the other hand, the number (1/e) I of charge carriers photogenerated per unit time is given by that part of the number AΦ of illumination photons striking the exposed nanodevice per temporal unit which having escaped reflection at the illuminated surface (by a probability of (1 – R), R being the reflectivity of the exposed-surface semiconductor at the specific illumination wavelength) inhabit mainly [4] the photodiode depletion-zone (by a cumulative occupation probability of [1 – exp (–αW)] with α being the depletion-zone material 

absorption-coefficient for the specific illumition wavelen
-grh and W the depletion-zone width valid for the value of reverse bias applied to the sensor under testing, deriving as the difference between probability of photonic entrance into and probability of photonic exit from the depletion-zone extension under the assumption of shallow depletion-zone, materialising for the technologically conventional photodetectors, like the commercial p-i-n photodiodes) and, furthermore, succeed (by a quantum efficiency of F corresponding to the specific illumination-wavelength) in being absorbed within the depletion zone, ultimately energetically liberating initially bound (in the semiconductor valence-band or at impurity or lattice-defect trap-levels) charge carriers:


(1/e) I = F [1 – exp(–αW)] (1 – R) AΦ.    (2) 


It is, then, obvious that the photodetector nanointerface detection yield Y, as defined by (1), is expressible, by virtue of (2), as 


Y = F [1 – exp (–αW)] (1 – R)            (3)


which describes the detection-yield dependence upon chosen illumination-wavelength λ (through the λ-related quantities F, α, and R) and applied reverse bias V (through the phodetector diodic depletion-region width W). 


A noteworthy prediction, then, regarding the radiation-hardness optoelectronic reliability of the photode-


tector nanointerface, as exemplified by its detection yield behaviour and sustainability, is that it would be essentially effected upon by the radioactivity dose δ influencing chiefly its (internal) quantum efficiency F (potentially codified, thus, as F (λ; δ) ), with the non-excluded possibility that, for each cumulative radioactivity-particle intaking, transcending a critical photonic flux of illumination could through some “photonic-congestion state” adequately liberate the detection yield from radioactive-radiation impediments.

The experimentally measured, now, conductivity current through the illuminated reverse-biased diodic phosensors comprises the optoelectronic response photoc 
-urrent I and the dark saturation-recombination current (saturation of the dark reverse current having been reached at the sufficiently high reverse bias regularly applied), both flowing in the reverse sense with respect to a forward-biased diodic photodetector’s dark conduction situation. 


As, then, is well known [5-7], the dark saturation – recombination diodic current is at a given absolute sensor- ambient temperature determined by the dark depletion-zone built-in voltage value, indicatively measuring for commercial Si p-i-n photodiodes below 200 - 300 nA against registered total conductivity-current values of units or tens of a μA through wide-range and high-level photonic fluxes. These facts render the directly measured overall conductivity-current permeating the photodetector nanointerface adequately approaching the net optoelectronic detection photocurrent I. 


3. Experiment

The experimental configuration comprises the infrared (IR) LASER-beam emitter unit, an optical fiber wavegui
-de, and the photodetector nanodevice part: Dou bleheter
-ojunction AlGaAs IR-LASER diodes emitting in the 0.78 μm band are launched into the front end of a 1 m long. 3 mm in diameter, single-mode, Eska high perfor
-mance plastic optical fiber connected at its rear end to (preferentially up to this stage but not exclusively) commercially conventional, narrow receiving-angle, linear response, fast switching-time, Si p-i-n photodiodes exhibiting peak responsivity for incoming wavelengths between 0.75 and 1.00 μm. 


Each double-heterostructure AlGaAs IR-LASER diode is controlled through a special, high-fidelity, current-source sustaining up to 54 mA of injection current. The optical power at the output port of the Eska fiber waveguide is exactly measured at each LASER diode injection-current level utilised by a Melles Griot, 4-digit, universal optical-power metre bearing a 10-mm-aperture Si-detector head. These optical power P measurements along with each illuminated Si p-i-n photodiode’s area A lead to the respective energetic intensity Θ = P/A (μW/cm2) values, which through the straightforward relation Θ = h (c/λ) Φ, with h being Planck’s action constant and c being the universal constant of the speed of light, furnish the photonic-flux Φ (photons/( cm2·s)) data as witnessed by the photodetector nanodevice investigated each time, for the successive LASER-diode injection-current levels employed. 


The optoelectronic response of the diodic photodetector studied per experiment whilst sensing the incident IR signal is on the other hand monitored at each experimental step in terms of the photocurrent I flowing through its nanointerface. For the series of optoelectronic-reliability experiments (performed at room temperature) concerning Si p-i-n photodetectors in particular and reported here, the order of magnitude of the impingent IR photonic flux Φ ranges from 4.6 × 1014 to 8.0 × 1015 photons/( cm2·s), whereas the resulting detection-photocurrent I permeating the Si photodiodes varies from, around, 2 to 70 μA. 


For each Si p-i-n IR photodetector nanointerface studied, the optoelectronic- response I-Φ characteristic curve is experimentally traced both prior to and after exposure to some decided cumulative radioactive α-particle dose δ (α-particles/cm2) materialising through the bombarding   of the photodetector at a constant α-particle flux (α-partic
-ules/(cm2·s)) for a prederemined time-interval. 


The radioactive α-particle source utilised for the experiments described here is of 241Am nuclide with a 2.87 mm face-diameter and a mean emitted α-particle energy-value of approximately 5 MeV. Care is taken that the 241Am source is properly situated in almost direct contact to each exposed photodetector nanodevice for the time period desired. The exact cumulative α-particle dose to which the photodetector has been, thus, exposed is evaluated by consideration of this time interval along with the accurate α-particle flux at the site of the exposed photodiode, measured by a Leybold Heraeus Geiger-Mul
-ler counter. 


The basic processing of the experimental (plausibly singly or piece-wise linear) I-Φ characteristics for any photosensor considered provides the absolute value(s) (in photogenerated flowing charge-carriers per incident visible or IR illumination-photon) of the nanodevice’s detection yield Y, which in accordance with its notion and definition (1) may be obtained through the photodetector optoelectronic-response-curve slope (ΔI/ΔΦ) calculated by a least-squares fitting as：

Y = [1/(eA)] (ΔI/ΔΦ)             (4) 


4. Radioactivity-Exposed Nanophotodetector 


Optoreliability-Assessment  


Detailed investigations during the series of experiments have, with respect to the set of commercial encapsulated Si p-i-n photodetectors and α-particle 241Am source, traced a cumulative-dose threshold δ0 of around 4.2 × 109 α-particles/cm2 necessary to surpass for clearly measurable radioactivity-induced performance-effects, interestingly comparably to relevant findings referring to observable particle-irradiation-produced operation-modific-

ations in AlGAs/GaAs quantum-well IR-photodete-


ctors [5]. 

Fundamental features of our systematic experimental correlation between magnitude of radioactivity-induced performance alteration of photodetector nanointerfaces and cumulative particle-irradiation-dose intaken include the following (traceable also in representative Figure 1. deriving from IR at λ = 780 nm illumination), registered for Si Photodiodes exposed as above:  


1) Overall attenuation of the detection photocurrent I for each photonic flux Φ impinging upon the photodetector’s illuminated area by a factor dropping to, about one fifth its low-flux-regime value upon proceeding (in almost the middle of the employed flux-range [4.6 × 1014 to 8.0 × 1015 ] photons/(cm2·s)) to the high-flux region. The relative magnitude of the detection photocurrent after-exposure attenuation factors appears uniform for the different α-particle cumulative exposure-dose-levels employed (up to about Δ = 3.2 × 1012 α-particles/cm2 , wherefrom extinction-like effects seem to be setting on), though expectedly their absolute values are connected with the respective total radioactivity-dose for each experimentally traced I-Φ characteristic curve.

2) Splitting of the single pre-exposure optoelectronic- response linearity into two distinct consecutive after exposure linearity-regimes of different slope (embodying the differing detection yield), stemming away from a clearly defined kink observed, uniformly for any tested cumulative particle-irradiation-dose) at an incomingphotonic-flux level of Φ* = 5 × 1015 photons/(cm2·s), in about the middle of the employed photonic-flux range. It is noteworthy that the high photonic-flux after exposure linearity-regime extends with a slope (detection yield) essentially equal to the one marking the single pre-exposure I-Φ linearity, for any α-particle cumulative exposure-dose δ surpassing the relevant threshold δ0 and up to the “extinction demarcation” Δ. 

3) Optoelectronic response dynamic stability, as manifested by the inverse of the relaxation-time preceding the fully reliable reading of the successive detection photocurrent I values, degraded by almost a factor of 2. 

The respective optoelectronic-yield Y value is straight forwardly deduced to be approximately 21 photogenerated flowing charge carriers per incident infrared photon 


On the other hand, Figure 2. traces the evolution of the detection yield Y, concerning the optoelectronic response of the previous photodetector class to the applied IR illumination photonic fluxes Φ transcending the “photonic-congestion state” ignitionpoint Φ*= 5 × 1015 photons/(cm2·s), against cumulative particle-irradiation dose δ increasing from radioactivity-consequence threshold δ0 of, around, 4.2 × 109 α-particles/cm2  to beyond the “extinction demarcation” Δ = 3.2 × 1012 α-particles/cm2 .

The above prime characteristics of the after-exposure optoelectronic performance of tested photodetector nan-
ointerfaces appear understandably consistent with the adequately established observation of other research-
ers that particle-bombardment-invoked lattice displacement damage results in degradation of carrier mobility and lifetime, causing a decrease in the device’s optoelectronic dark-current and responsivity [4,5]. And yet, novel trends and invariants are herewith plausibly revealed.
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Figure 1. Representative Si p-i-n photodetector optoelectronic-response I-Φ experimental characteristic (I in μA, IR at λ = 780 nm Φ in ×1015 photons/(cm2·s)) monitored prior to (upper marks) and after (lower marks) the photodiode’s exposure to a cumulative α-particle dose of 3.8 × 1010 α-particles/cm2, well above the pertinent threshold.
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Figure 2. Evolution of the detection yield Y (given in equivalent values of the I-Φ characteristic-curve slope (ΔI/ΔΦ) in μA/(1015 photons/(cm2·s)), concerning the optoelectronic response of the previous (Fig. 1) photodetector class to the applied IR illumination photonic fluxes Φ transcending the “photonic-congestion state” ignition-point Φ*= 5 × 1015 photons/(cm2·s), against cumulative particle-irradiation dose δ increasing from radioactivity-consequence threshold δ0 of, around, 4.2 × 109 α-particles/cm2  to beyond the “extinction demarcation” Δ = 3.2 × 1012 α-particles/cm2 .

5. Conclusions

In conclusion, evidence of the character of the optoelectronic reliability of representative radioactivity-exposed nanophotodetectors and the degree of functionally tolerable radioactivity-induced responsivity de-emphasis, against increasing cumulative radioactivity-dose, is notionally considered and modelled. Experimental results regarding the sample class of commercial encapsulated Si p-i-n IR photodetectors exposed to α-particle bombarding, are obtained both consistent with the modelling scheme and conducive to reliable predictions for relevant-devices functioning either in a Space-application environment or as intended radioactivity-sensors and cou
-nters. 


Notably, the optoelectronic reliability (as codified by the detection yield) of photodetector nanodevices appears rather immune to radiation hardship, provided that the cumulative particle-irradiation-dose intaken does not exceed a pertinent “extinction demarcation” and that the illuminating photonic-flux transcends the “photonic-

congestion state” ignition-point.
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