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ABSTRACT 

Certain military applications require the continuous operation of optoelec
tronic information transfer systems during exposure to ionizing radiation. I: such 
an environment the optical detector can be the system element which limits dat^ 
transmission. We report here the measured electrical and optical characteristics 
of an irradiation tolerant photodiode fabricated fro= a double heterojunction st'-uc-
ture in the gallium aluminum antimonide (GaAlSb) ternary semiconductor system-
series of tests at Sandia Laboratories' Helativistic Electron Beam Accelerator 
(KE3A) subjected this device and commercially available photoiiodes {nade fro-
silicon, germanium, and indium gallium arsenide phosphide) to dose rate levels of 
10-10 rads/sec. The results of these tests show that the thin GaAlSb double 
hetero^unction photodiode structure generates significantly less unwanted 
radiation induced current density than that of the next bestccnrtrcial device. 

Certain military applications require the continuous operation of optoelec
tronic information transfer systems during exposure to ionizing radiation. In this 
type of environment, the photodiode can be the element vhich limits system opera
tion. In general, photodiodes respond to electromagnetic radiation of photon energy 
greater than the semiconductor bandgap; this includes x-ray photons, gam=& ray 
photons, and optical photons. We report here on a photoiiode structure specifi
cally designed to reduce the effects of the undesirable ionizing radiation without 
reducing the effects of the desirable optical radiation. In addition, ve report on 
the results of testing this device and other, commercially available photodioaes in 
an jciiizing radiation environment. A figure of merit for ionizing radiation insen-
sitivity is presented to allow the comparison of photoiiodes fabricated from differ
ent semiconductor materials with varied device geometries. 

Theory 

To a first order approximation, the response of photoiiodes to monochromatic 
optical radiatiOD can be expressed as 1 

I * q.A-0- ft . 
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*Here,lo it the optically induced pbotodiode current, q is the electronic charge 
( 1 . 6 x 1 ^ coulombs), A is the area of the device exposed to the optical energy, 
f> is the incident optical photon flux in units of photons/second, and Q is the 
quantum efficiency. The quantum efficiency factor is simply defined as the ratio 
of optical photons to the number of additional electrons flowing through the photo-
diode as a result of the incident photon flux. (Quantua efficiency is sometimes 
expressed as a percent.) The quantum efficiency factor simplifies the explanation 
of the'photodiode by lumping the effects of semiconductor material properties, 
,photodiode device geometry, bias condition, and surface reflectivity into one con
venient parameter. Hiy*ical2y, the incident optical photons energetic enough to 
interact -with the semiconductor lattice generate electron-hole pairs (e.h.p.). 
Those excess minority carriers generated within approximately one diffusion length 
of the electrical junction can be collected by the junction depletion region field 
and converted into majority carrier signal current. A diffusion length, L^, will 
be defined here as the approximate distance an excess minority carrier can travel 
before recombining with its complement (electron-hole pair recombination). The 
effective collection length, L', will be defined as the entire length in which 
excess minority carriers will be collected and converted to majority carrier 
current. The effective collection length is usually equal to the depletion recion 
width, WJJ, plus two minority carrier diffusion lengths. The spatial distribution 
of the optically created e.h.p. can be determined in part froa the optical absorp
tion properties of the semiconductor material. An optical absorption coefficient.. 
a, can be defined by the following equation 

where 0(x) is the photon flux density a distance x below the photodetector surface, 
and 0 is the incident photon flux density not reflected at the surface. Typical 
values of a for semiconductor materials of interest ere shown in Table 1; a is 
usually a strong function of wavelength. It is clearly important that the effec
tive collection lengths be larger than the inverse of the absorption coefficient 
to effect maximum excess minority carrier collection. The quantua efficiency can 
be significantly degraded if the optical absorption coefficient is relatively 
small,resulting in an e.h.p. distribution throughout the bulk of serj.cor.iuctor 
device and the diffusion length is small only allowing collection of those carriers 
spatially close to the electrical junction. In addition, note that the quar.tu.-
efficiency can also be degraded if the optical absorption is relatively large and 
the electrical junction is fabricated too far beneath the surface. 

For the case of ionizing radiation in semiconductor materials, the situation 
of a single photon generating a single electron-hole pair is no longer valid. In 
fact, the ionizing radiation photons are so energetic, a single photon will gener
ate many electron-hole pairs. In general, ionizing radiation uniformly generates 
electron-hole pairs throughout the semiconductor material. The conversion of these 
excess carriers to an ionizing radiation-induced current, I_, can be represented as 

I n - « A « « 0 L ' . 

Here, 4 is the ionizing radiation dose rite and g 0 is the ionizing radiation-
induced electron-hole pair generation rate as shown in Table 1. Note that or-Ly 
those carriers generated within the effective collection length contribute to I_. 

To maximize the ratio cf the signal current I to the ionizing radiation-
induced current I B, ve would like to select a material with a large optical &izcri
tical coefficient and a relatively snail diffusion length. Ideally, the effective 
collection length should he large enough to collect Eost of the optically ger;erttei 
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TABU I 

Material Wavelength u(cill"') 1 -3 g (rad cm ) 

Si .63 3M0 4.0 x ID 1 3 

.90 400 4.0 x 1Q 1 3 

1.06 35 4.0 x 1 0 1 3 

InP .9 1.7 x 10 4 6.8 x 1 0 1 3 

CaAeSb 1.1 >10 4 1.3 x 1 0 1 4 

GaAs .63 2.4 x 10 4 7.2 x 1 0 1 3 

Ge 1.1 1.0 x 10 4 1.2 x 1 0 1 4 

InGaAsP 1.1 >10 4 9.2 x 1 0 1 3 



e.h.ju but not so large as to collect the ionizing radiation-induced e.h.p. found 
throughout the bulk of the material away from the region of optical absorption. 

Finally] in addition to concerns for ionizing radiation insensitivity, the 
jthotodiode Bust respond to optical radiation at wavelengths compatible vith the 
balance of the optoelectronic system components. Recent papers have suggested the 
need to operate optoelectronic data links in the 1.1 uz to 1.6 \sn optical wave
length range for minimum optical fiber attenuation and maximum tolerance to ior.izing 
radiation.* 

Device Structure 
From the criteria presented above, direct bandgap semiconductors were selected 

for further investigation. Direct bandgap semiconductors generally have large 
optical absorption coefficients and short diffusion lengths. Certain direct semi
conductor alloys can be fabricated with bandgaps corresponding to the optical radi
ation range of Interest. 

The structure shown in fig. 1 was fabricated to decrease the effects of ion
izing radiation by decreasing the effective volume of e.h.p. collection and by 
utilizing the built-in electric fields associated vith heterojunctions. 

The alloy used in the top layer, Ga ,-Al vSb, (an indirect bandgap sendcon-
ductor) passes optical photons corresponding'to wavelengths greater than 1.1 in 
(photon energies less than 1.1 eV) with only smair. absorption. The alloy used in 
second layer free the top, Ga _A1 .As, is a direct bandgap alloy which absorbs 
optical photons corresponding'to wavelengths greater than 1.6 ic. The large op
tical absorption coefficient for this material is responsible for the creation cf 
optically-induced e.h.p. near the electrical junction, I». At interface 1^, a 
built-in electric field is formed by the energy bar.dgap mismatch between the 
Ga -Al _Sb (E = 0.8 eV) and the Ga ,-Al , Sb {E = 1.2 eV) layers. This field aids *y *1 g .0 .a g 
in the confinement of the optically generated e.h.p. The heterojunction forced at 
interface I between the third layer Ga gAl ^Sb (£ = 1.2 eV) and the substrate 
GaSb (E * 0.7 eV) establishes an electric field that tends to aid in fthe rejec
tion of^radiation generated e.h.p. ' 

The quantum efficiency for this device has been measured as a fuiction of 
wavelength and is shown in Fig. 2. Since approximately one-third of the incident 
light is reflected at the top surface due to index of refraction differences, a 
quantum efficiency in excess of 6o£ can be achieved with the same device structure 
by utilizing the proper anti-reflection coating. Figure 3 shows the current volt
age characteristics for this device. Although dark current measurements indicate 
an undesirably high dark current density J-. = l.k xlO"**Ac=,-̂  at .5 volts reverse 
bias, it is believed that much of this current is due to the defects a. the sawed 
edges shunting the exposed function surface vith mechanical defects. It is further 
believed that an etched mesa or guard ring structure will significantly reduce the 
leakage current. 

The effective collection length, L', for the Ga JO. sb structure has also 
been neasured as a function of reverse bias voltage y , The device was examined 
from the edge in a scanning electron microscope as shown in Fig. k. As the elec
tron beam was slowly scanned across the junction region, the electron bea=. induced 
o 
C. E. Barnes, "Radiation Effects in Optoelectronic Devices," Sandia Laboratories 

Report, SAIO-76-0726, 1977* 
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Figure 1. Ba/.0£b photodioSe s t ructure . 
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Figure 2. Measure quantum efficiency ror GaAiSb photodiode structure 
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figure U. The upper photograph shows the GaAlSb photodiode as viewed 
from the scanning electron iticroscope. Ths lower photograph 
•hows a close-up of the junction region and the electror 
beam scan for the E3IC study. 
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Figure 5. The electron beam induced currents as a function of displacement from the surface are 
shown. 



currents (EBIC) were neasured and recorded. At a Vg of .5 volts, the total effec
tive collection leDgth, L', was determined to be I.85 pm. Note, as shown in Fig. 5, 
the value of L' was not changed significantly as a function of V R over the range of 
interest. The diffusion length Lp was determined to be approximately .9 pm fro:: 
the exponential portion of this data. 

Radiation Testing 

The GaAlSb photodiodes described above and several commercially available 
photodiodes were exposed to ionizing radiation from Sandia Laboratories' Garma 
Irradiation Facility (GIF) for low dose rate measurements (•*- 10 2 rads/sec) and to 
Sandia Laboratories' Relativistic Electron Beam Accelerator (R£B\) for high dose 
rate measurements (lo7-lO° rads/sec). The commercially available photodiodes 
tested include the following devices: InGaAsP photodiodes from Mitsubishi 
(PD-70C1); two Si photodiodes from EG&G (FIJD-100 and YAG-100 optimized for 1.C6 ^. 
operation); and a Ge device from Rofin {T.7U60). Quantum efficiencies for these 
devices are shown in Fig. 6. The radiation induced currents measured at the GIF 
were small due to the low dose rate. The measured radiation-induced currents were 
comparable in magnitude to noise levels, and will not be reported further in licht 
of the unambiguous lignels measured at RE3A. 

Since REBA is a pulsed radiation source the circuit configuration shown in 
Fig. 7 was employed. Typical results are shown in Fig. 8. The peak voltage was 
used to determine the radiation-induced currents for all cases reported here. In 
order tc make meaningful comparisons of the relative merits of each device in an 
ionizing radiation environment, we define a radiation response ratio A . A is » «* r r r r 
the ratio of the signal current density j>eT unit incident optical flux to the radi
ation current density per rad/sec of dose rate. The current density is simply the 
measured device current divided by the device cross-sectional area. Note that for 
systems considerations the signal to noise ratio is approximately proportional to 
A 2. For A listed here, signal currents were measured prior to irraiietion. 

Results fras these tests are compiled in Table II'. Also found in Table II are 
the following parameters; the measured dark current density, the dose rate a*. 
which A was measured, the peak quantum efficiency, the area of the device, the 
voltage bias used for the radiation measurements, and the seciconductor material 
type. 

Conclusions 

Results free t .• ±r. - -iation studies indicate that both the device structure 
and the type of scv"i "'-'::• ••--cor material are important factors in determining the 
photoiiode response „w ionizing radiation. Table II shows the radiation response 
ratio, ATt for two devices fabricated from InGaAsP, a direct banigap semiconductor 
material. This illustrates that the double heterostructure device has a better 
A„„ than the other InGaAsP device. 
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TABLE II 

Device 
Material 
and 

Device 1 

Peak 
Quantum 

Efficiency 
Device, 

Area (cm ) 

Device Dark 
Current Density 

(A/cm') 
Diffusion 
Length imi 

* 
*rr 

Dose Rate(rad/s) 
0 A r r Measurement 

Reverse Bias 
Condition (volts) 

S1 
YAG-100 

FND-100 

83* 
9 1.03 gin 
90J 

9 .85 urn 

5.1 x 10" 2 

5.1 x 10~2 

7.54 x I0" 8 

(?Vr = 100 V 
1.78 x 10"' 
W r = 70 V 

115 4.4 
7.0 

2.1 x 10 7 

2.1 x 10 7 

80. 
80. 

Ge 
17460 

65X 
9 1.3 pm 7.85 x 10" 3 7.S x 10"" 

W r = 10 V 6.6 2.5 x 10 7 5.0 

GaAtSb 

IC-197 40* 
9 1.18 um 1.45 x 10~ 2 1.01 x lO"4 

9Vr = 0.5 V 0.9 43. 4.1 x 10 7 1.0 
C-195 35% 

9 1.18 i,m 
1.45 x 10" ? 1.99 x 10"" 

9Vr = 0.5 V 
0.9 16 2.0 x 10 7 1.0 

InGaAsP 

Mitsubishi 
46X 

9 1.05 pm 8.0 x 10" 5 2.50 x 10" 5 

W r = 10 V 1.8 2.1 x 10 7 10. 
InGaAsP 

#E-008 
37X 

9 1.06 urn 1.45 x 10~ 2 1.14 x 10" 4 

9Vr = 0.5 V 
1.1 46. 2.2 x 10 7 1.0 

*rr u n'ts=1.6*10 rad/optical photon, intendeded to be a relative measure of ionizing radiation insensitlvity. For systems consideration A is approximately proportional to ratio of the sijjnal to the radiation induced 
noise power. 


