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ABSTRACT

This work is an experimental investigation of radiation-
induced changes in the electrical characteristics of +the
MRD500 P-I-N photodiode, due to various fluences and energies
of neutrons, electrons and gamma-rays. Analyses of changes in
MRD500 forward bias current-voltage (I-V) characteristics, as
a function of fission spectrum neutron fluence (reported as
1 MeV equivalent), indicate that the device can serve as a
neutron fluence monitor, useable well beyond the range of the
widely-used Harshaw DN-156 P-T-N diode fluence monitors.
Furthermore, experimentally-determined changes in MRD500
forward voltage, AV}(¢), (at constant I, and constant
temperature) as a function of various energies and fluences of
neutrons, electrons and gamma-rays, demonstrate the potential
usefulness of the MRD500 as a displacement damage monitor.

In this study, fission neutrons (1 MeV equivalent),
7.5 MeV (average energy) electrons and 1.25 MeV (average
enerqgy) gamma-rays are used to investigate the effectiveness
of these radiations in producing displacement damage in the
MRD500. The device physics responsible for the radiation-
induced changes in the electrical characteristics of the diode
is also discussed.

iii
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RESUME

Dans ce travail, nous regardons les changements des
caractéristiques électriques des photodiodes P-I-N MRD500
causés par des débits et des énergies différents de heutrons,
d!' électrons et de rayons gammas. Les analyses des
changements des caractéristiques de 1la polarisation directe
courant-voltage (I-V) nous indiquent que 1les photodiodes
MRD500 peuvent servir comme détecteurs de débit des neutrons,
et qu'ils sont plus performant que les diodes P-I-N DN-156 de
Harshaw. De plus, les variations de la tension directe des
diodes MRD500 obtenues en laboratoire, AV (¢), (pour une
température et un courant I constant), ont démontré gue ces
diodes ont la capacité d'agir comme détecteurs de défauts de
déplacement, pour des débits et des énergies différents de
neutrons, d' électrons et de rayons gammas utilisés pour cette
expérience.

Dans cette recherche, nous avons utilisés des neutrons
(équivalent & 1 MeV), des électrons de 7.5 MeV (moyenne de
l'énergie) et des rayons gammas de 1.25 MeV (moyenne de
l'énergie) pour étudier (en labratoire) l'efficacité de ces
radiations pour produire des défauts de déplacement dans les
diodes MRD500. Aussi, nous discutons des attributs physiques
des semi-conducteurs (utilisés pour la construction des diodes
MRD500) responsables pour les changements des caractéristiques
€lectriques de ces diodes, causés par la radiation.
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EXECUTIVE SUMMARY

Radiation damage effects occurring in electronic systems
can be accurately characterized only through analyses of the
radiation responses of representative "building blocks" of
such systems, i.e. P-N and P-I-N junction diodes. Radiation
effects in junction diodes can be broadly categorized into two
groups, namely ionization (photocurrent) effects and
displacement damage effects. 1In this work, neutron, electron
and gamma-ray-induced displacement damage effects in the
MRD500 silicon P-I-N photodiode are experimentally
investigated. Radiation-induced changes in the measured
electrical parameters of the MRD500 are experimentally
determined to be related to diode device physics.

Results obtained from analyses of radiation-induced
changes in MRD500 diode electrical characteristics indicate
that the MRD500 can be used in a variety of applications; as
a fission neutron fluence monitor, as a dose rate
(photocurrent) calibration device between LINAC electrons and
Nd:YAG laser photons, and as a displacement damage monitor for
gamma-rays, electrons and fission neutrons, on the range of
energies and fluences used in this work.

vii
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1.0 INTRODUCTION

Characterization of radiation damage occurring in
semiconductor devices and electronic systems is of ongoing
interest to researchers in the field of transient radiation
effects on electronics (TREE). The P-N junction is one such
device that can exhibit permanent deleterious effects due to
damage induced by nuclear and space radiation. The P-N
junction is one of the simplest (and oldest) active
semiconductor devices which finds wide use today in discrete
component form, however, the P-N junction also comprises the
basic building block for many, more complex semiconductor
devices. Devices which inherently rely on P-N junctions for
operation are ubiquitous - ranging from bipolar junction
transistors (BJTs) to very large scale integrated circuits
(VLSICs). Thus, an understanding of how radiation damage
affects P-N Jjunctions is a Prerequisite to understanding
radiation effects in more complex semiconductor devices which
utilize P-N junctions. In this work, various radiation-
induced changes in the electrical characteristics of the
MRD500 P-I-N silicon photodiode are addressed.

In a companion experimental study conducted at DREO“’,
several different types of commercially available P-N and P-I~-
N junction diodes were studied to determine changes in diode
electrical characteristics after exposure to fission i?ectrum
neutron fluences ranging from 1E11 to 1E15 neutrons/cm® (1 MeV
equivalent). In the majority of the devices examined, changes
in the post-irradiation electrical characteristics
contradicted widely accepted experimental measurements(?é of
"typical" post-irradiation diode behaviour. An attempt was
made to contrast neutron-induced effects with effects produced
by "damage-equivalent" fluences of 1.25 Mev (average energy)
®co gamma-rays (using published damage-equivalence fluence
correlations! ®), for various P-N Jjunction signal, power,
varactor and zener diodes, as well as for P-I-N junction
diodes. Again, "atypical" changes in electrical
Characteristics were evident for many of the examined diodes.
Therefore, a specific device that exhibited atypical diode
behaviour following irradiation was selected for a series of
detailed analyses.

The Motorola MRD500 fast P-I-N photodiode was selected
from the group of diodes that exhibited atypical diode
behaviour. Changes in the electrical characteristics of
MRD500 diodes induced by neutron, electron and gamma-ray
irradiation were of interest for a number of reasons. First,
since the MRD500 diode was undergoing evaluation!® at DREO for
use as a dose rate (photocurrent) calibration device between
7.5 MeV (average energy) electrons and Nd:YAG laser photons,
a complete characterization of the radiation response of the
MRD500 would aid in delimiting the useful lifetime of the



device, in terms of total dose or fluence of the incident
radiation. Second, fast P-I-N junction devices are used in
microwave switches or phase-shift arrays™1!, gince switching
times of such devices are known to change following
irradiation, and since the MRD500 is technologically
representative of these devices, then an examination of the
radiation induced electrical changes the in MRD500 (under both
DC and AC conditions) was deemed important. Third, cursory
examination of MRD500 response to neutrons (1 MeV equivalent)
suggested that this device could prove useful as a neutron
fluence monitor, extending the fluence measurement range of
the widely-used Harshaw DN-156 P-I-N diodes. As the MRD500 is
currently a small fraction of the cost of the Harshaw product,
then the importance of this potential application could not be
left wunaddressed. Finally, examination of the radiation
response of the MRD500 diocde provided an opportunity to
investigate the equivalence of neutron, electron and gamma-
ray-induced displacement damage effects on several of the
important electrical characteristics of the device.




2.0 DESCRIPTION OF P-I-N JUNCTIONS
2RSS VN OF r=i-N JUNCTIONS

2.1 P-I-N JUNCTION OPERATION

A silicon P-I-N junction can be described as a P-N
junction®® with a layer of intrinsic silicon positioned
between P- and N-type extrinsic layers, as shown in figure 1.
Under either DC bias conditions or low frequency AC bias
conditions, P-I-N Jjunctions exhibit I-V characteristics
approaching that of ideal P~-N junctions; negligible resistance
when forward biased and very high resistance when reverse
biased. For the P-I-N junctioen, however, not only does the
high resistance intrinsic layer (base region) enable the
junction to withstand higher levels of reverse bias than can
similarly constructed and biased P-N junctions, but the
increased width of this region results in a higher junction
breakdown voltage. Since the base region acts like a variable
length resistor, the P-I-N junction can be described as a P-T
junction in series with a resistor and an I-N junction. The
P-I junction behaves exactly like a P'N junction in which the
N-type silicon is very lightly doped, while the I-N junction
behaves exactly 1like a N'P junction in which the P-type
silicon is very lightly doped.

P | N
N n; Np
Figure 1 : Typical P-I-N junction diode structure.
3



The P-I-N junction is formed when majority carriers
(holes) in the P-type silicon near the P-I junction diffuse
into the base region, while majority carriers (electrons) in
the N-type silicon near the I-N junction diffuse into the base
region. This diffusion forms two regions of ionized acceptor
atoms (N,) and ionized donor atoms (N,) , or two "space charge"
regions; an ionized acceptor/donor region at the P-I interface
and an ionized acceptor/donor region at the I-N interface,
respectively. The electric fields associated with these space
charge regions give rise to potential differences across the
P-I and I-N junctions. Current flow under reverse and/or
forward bias at the former is due mainly to holes, while at
the latter it is due mainly to electrons.

Characteristic current-voltage (I-V) equations for
unirradiated P-I-N junction diodes operating under low-level
injection are well known and appear in Appendix A. The
radiation responses of P-I-N junction diodes are introduced in
section 2.2.

2.2 P-I-N JUNCTION RADIATION-RESPONSE

Radiation effects produced in P-N and P-I-N junction
diodes are of two types; photocurrent (ionization) effects and
displacement damage effects!'W. Total dose effects (excluding
displacement damage) are not applicable due to the structure
and physics of operation of the devices. The absence of an
insulating oxide layer precludes the possibility of charge
trapping occurring within P-N and P-I-N junction devices.

In the absence of catastrophic device damage (e.g. device
burn-out) due to excessive current flow through the P-N
junction, photocurrent effects are non-permanent. Given
appropriate electrical conditions, electron-hole pairs (ehp's)
created through ionization in the vicinity of the P-N junction
region can give rise to a photocurrent. The radiation-induced
bhotocurrent decays very rapidly to zero once the incident
ionizing radiation has ceased.

Displacement damage effects are changes in device
electrical characteristics that occur when semiconductor
atoms are displaced from their equilibrium lattice positions
by energetic radiation. The magnitude of these effects
depends upon such factors as the type, energy and fluence of
the incident radiation, and the type of semiconductor material
in the active region of the device undergoing irradiation
(e.g. Si, GaAs, etc.). Displacement damage effects can be
both temporary (i.e. via annealing of defects) and permanent.




Gamma-rays directly produce only ionization effects in
semiconductor materials and can create displacement damage
only via indirect means. Gamma-rays interacting with the
atoms in the semiconductor lattice can liberate energetic free
electrons (via Compton scattering and pair production) which
may possess sufficient kinetic energy to subsequently cause
displacement damage via electron/nucleus collisions. Device
irradiation with electrons directly produces both ionization
effects and displacement damage effects. Irradiation with
neutrons primarily produces displacement damage in junction
devices. [Note, however, that energetic recoil nuclei and
charged particles created via (n,x) reactions can produce
significant ionization along their tracks before coming to
rest.]

For silicon at room temperature, the majority of
displacement "defects" (1.e. interstitial atoms and lattice
vacancies, somewhat analogous to electrons and holes,
respectively) are relatively mobile and either recombine
directly, or with impurities resident in the semiconductor
material lattice prior to irradiationi’. a considerable
fraction of the total number of defects produced recombine at
room temperature, within milliseconds of formation. This
initial recombination of defects is known as the (room-
temperature) "short-term annealing" behaviour of the device
under analysis. Prolonged annealing at room temperature on
the order of days, or "long-term annealing", can reduce defect
concentrations to a small fraction of the number remaining
after the completion of short-term annealing™.  Annealing
effects in MRD500 diodes are discussed in section 3.2.

Extensive experimental work on displacement-induced
changes in the electrical characteristics of "typical" or
"wide-base" P-I-N junction diodes can be found in the
literature.12-141 Generally, these devices exhibit pre- and
post-irradiation characteristics illustrated in figure 2.
Displacement defects produced during irradiation act either as
recombination centres or as generation centres (under forward
or reverse bias, respectively) for excess carriers, thereby
reducing effective carrier lifetimes in the diode. In
response, as fluence increases, diode forward bias voltage
increases for constant forward current, diode reverse current
increases in magnitude for constant reverse bias voltage, and
diode breakdown voltage increases in magnitude. Diode
capacitance decreases!'25-71 a5 poth reverse bias voltage and
frequency increase, provided that the voltage remains below
the voltage re?uired to fully deplete the space charge region
of the diode!™  payice switching times generally decrease,
in response to decreased junction capacitance of the device.
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PRE~IRRADIATION !/  POST-IRRADIATION

Figure 2 : Pre- and post-irradiation I-V characteristics of
typical P-I-N junction diodes.

Limited information is available in the literaturel:1%,
however, regarding changes in the I-V characteristics of
forward and reverse biased, abrupt junction, narrow-base, fast
P-I-N diodes (i.e. MRD500 diodes) resulting from displacement
damage induced by exposure of diodes to energetic neutrons,
electrons and gamma-rays. Generally though, in such a device,
for N, > N, and V. > 8KkT/dq, the diode forward current, I, , is

An;?/D
Iz - —g—l——eexp(%’) (2.1)

Ny /T,

with terms defined as per Appendix A, and with

D, , T, = diffusion coefficient and carrier lifetime,
respectively, for electrons.




Equation (2.1) can be rearranged to show

LN, To
v, = XL jntefavte (2.2)
q gAng /D,

Displacement defects created during irradiation of the diode
act as recombination centres and cause T, to decrease in the
diodel-6.101 As a result, the voltage drop across the
junction, V, , must decrease relative to the pre-irradiated
value, for constant I; and ambient temperature. The total
forward voltage drop across the diode, V. , is described by

For a very narrow base region, the resistive component, Vv, ,
of V., is relatively low, since the resistance of the base
region of the diode is proportional to the width of the base.
Hence, inspection of equation (2.3) shows that V, necessarily
dominates Ve. As radiation . fluence increases, however, a
fluence/damage level is reached at which even a narrow-base
diode sustains enough material damage to noticeably increase
the resistance of the base region (and therefore, Vg) , through
production of very high concentrations of displacement induced
defects in the semiconductor lattice and the resultant
decrease in carrier mobility. At this juncture, V, exceeds Vv
and therefore, begins to dominate V.. This behaviour can be
observed in figure 3.

For an unirradiated, reverse biased, abrupt junction,
narrow-base P-I-N diode, with N, > N, , and where V, £ -4kT/g
(= -100 mV at room temperature), the diode current is
described by

I, - gAnz2( VDe ) (2.4).

NAVTe

As the voltage dependence of Iz has been removed, I, has
"saturated" at I, and will remain relatively constant until '
approaches the breakdown voltage for the devicel!2:3, Also,
since an increase in radiation fluence delivered to the diode
causes a commensurate decrease in carrier lifetime, close
inspection of equation (2.4) reveals that as fluence
increases, one can expect to observe a net monotonic increase
in the magnitude of T (at constant V;). This behaviour can
also be observed in figure 3.
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Figure 3 : Pre-~ and post-irradiation I-V characteristics of
abrupt junction, narrow~base P-I-N diodes. *

Changes in Vg, , C-V, and C-f characteristics of MRD500
diodes are addressed in sections 4.3 through 4.5.




3.0 EXPERIMENTAL

3.1 DESCRIPTION OF THE MRD500 P-I-N JUNCTION DIODE

The Motorola MRD500 is a fast P-I-N photodiode!® yith a
sub-nanosecond rise time, shown schematically in figure 4.
The small junction area of the device is indicative that the

5 to 10 picofarads) and a correspondingly fast rise time. The
figure also defines that N > N, (electron-type conduction)
for the device, and describes the relatively narrow base
region width (25 um) of the junction of the MRD500U9. whiie
base widths of wide-base P-I-N junction _devices are on the
order of hundreds of micrometers (pm) @324 hoyever, the
base width of the MRD500 junction is markedly less.
Therefore, the resultant high carrier concentration gradient
developed across the narrow junction region infers that the
MRD500 is an abrupt junction, narrow-base P-I-N diode.

No>>N,
P|1 N
1 O-cm
7 A
\
21 (Q)/sq 100 Q-cm
Figure 4 : Junction schematic of MRDS00 P-I-N diode.
9



3.2 GENERAL MEASUREMENT TECHNIQUES

MRD500 diodes used in this work were procured from the
same production lot, in an attempt to minimize device-to-
device variations in electrical characteristics. All devices
were irradiated with the junctions short-circuited, to obviate
photocurrent and static-discharge damage. The lenses of all
devices were rendered opaque prior to acquisition of
electrical measurements.

Each reported datum represents the: average value of
measurements made for four separate devices. In an attempt to
minimize any variation in thermal annealing effects, devices
were measured both pre- and post-irradiation at approximately
25°C, and were maintained as close as possible to this
temperature during the irradiations. Device I-V data were
acquired with an IBM PC/AT linked via an HPIB interface to a
Hewlett-Packard HP4145B semiconductor parameter analyzer.
Importantly, forward bias voltage ranges were selected to
ensure that V. > 8kT/q, but to simultaneously limit I, to
2.0 mA maximum, an empirically-determined maximum value for I,
below which current-induced annealing effects in MRD500 diodes
were observed to be insignificant.

Device Vgr Measurements were performed, using an Ortec 456
high voltage power supply to bias the devices, a Keithley 619
electrometer/multimeter to monitor device reverse current and
a Fluke 87 multimeter to monitor device Vir* Capacitance
versus frequency and C-V data were obtained with a Hewlett-
Packard HP4192A low frequency impedance analyzer.

Electrical measurements on electron and gamma-ray
irradiated devices were conducted one hour following
irradiation. Neutron irradiated devices were measured
approximately one month following removal from the source
(refer to section 3.3). The measurement delay period was
required for neutron activation products to decay sufficiently
to permit safe handling. While electron and gamma-ray
irradiated samples showed evidence of short-term annealing,
minimal long-term annealing was observed for neutron, electron
and gamma-ray irradiated devices.

3.3 NEUTRON MEASUREMENTS

Neutron irradiation of MRD500 diodes was performed at the
Army Pulse Radiation Facility (APRF), U.S. Army Combat Systems
Test Activity (USACSTA), Aberdeen Proving Ground, Maryland.
Five separate packages containing four MRD500 diodes each were
assembled, with the diodes mounted on electrically-conductive
(e.g. antistatic) foam bases. The packages were placed

10




successively at the bottom of the 1.5 inch "glory hole" of the
APRF core, for durations appropriate to deliver fission
neutron fluences ( 1 MeV equivalent) ranging from 1F11 to 1E15
n/cm?, in order-of-magnitude fluence increments. Gamma-ray
dosimetry was performed by mounting both CaF,:Mn
thermoluminescent detectors (TLDs) on either side of ‘the
midline of the samples, at the bottom of the glory hole.
Neutron dosimetry was performed using sulphur activation
detectors. Forced-air cooling of the glory hole was performed
to maintain sample temperatures at approximately 25°C. The
overall uncertainty in reported neutron fluences 2" is
estimated to be * 10%.

3.4 ELECTRON MEASUREMENTS

Irradiation of MRD500 diodes was performed using the
MEVEX electron linear accelerator (LINAC), 1in Stittsville,
Ontario, with various fluences of 7.5 MeV (average enerqgy)
electrons. Estimates of the fluence of 7.5 MeV electrons
required to produce displacement damage in Si equivalent to
that created by a given fluence of fission neutrons were
obtained from published displacement damage correlations!?.
This step was used only to reduce the total number of device
irradiations performed, and was not a prerequisite for any of
the results presented in this work.

Groups of four diodes were mounted in a water-cooled test
jig and were subsequently irradiated for durations appropriate
to deliver electron fluences ranging from 4E12 to 4E16 e/cm?,
in order-of-magnitude fluence increments. Devices were
irradiated with the surface of the semiconductor die oriented
perpendicular to the electron beam. To ensure that a constant
electron fluence was received by all diodes used in each
separate irradiation, MRD500 diode irradiations were performed
only following determination of the central axis of the
electron beam and optimal placement of the diode test jig.

A Faraday cup was used to integrate the electron fluence
directly bhehind the target on the central axis of the electron
beam. Far West Technologies FWT 60-00 radiachromic nylon
films were used to verify the spatial uniformity of the beam
in the irradiation plane containing the devices under test
(DUT) . The uncertainty in the reported electron fluence
values is estimated to be $15%, containing error contributions
from (a) the value of the integrated charge obtained with the
Faraday cup, (b) the small spatial variation of the electron
fluence delivered to the DUT, and (c) the unavoidable
modification of the detected fluence introduced by insertion
of the DUT in front of the Faraday cup.

11



3.5 GAMMA-RAY MEASUREMENTS

Gamma-ray irradiation of MRD500 diodes was performed at
DREO, using the 6,510 Ci AECL GB-150C %°Co source. The source
facility is well characterized in terms of exposure rate (in
air) versus distance, and this data was used to calculate the
fluences of 1.25 MeV (average energy) gamma-rays incident on
DUT. Estimates of gamma-ray fluences required to produce
varying levels of displacement damage in Si were obtained from
published displacement damage correlations™. Similar to the
electron irradiations of section 3.4, this step was used only
to reduce the total number of device irradiations performed,
and was not a prerequisite for any of the results presented in
this work.

Separate groups of four diodes were mounted on
electrically-conductive foam pads and placed in a test jig,
with the devices oriented such that the incident gamma-ray
flux was perpendicular to the surface of the semiconductor
die. Devices were then irradiated at a source-DUT distance of
10.0 £ 0.1 cm (an exposure rate = 5,300 R/hr), for durations
appropriate to sugply 1.25 MeV gamma-ray fluences ranging from
3E1l to 3E15 y/cm®, in order-of-magnitude fluence increments.
Far West Technologies FWT 60-00 radiachromic nylon films were
used to verify the spatial uniformity of the beam in the
irradiation plane containing the DUT.

The overall uncertainty in reported values of gamma-ray
fluences delivered to MRD500 diodes is estimated to be + 5%,
attributable mainly to test 3jig positioning errors. The
relatively small source-DUT distance was required to ensure
that desired gamma-ray fluences were acquired with reasonable
exposures, i.e. within several days.

To obtain the fluence estimates discussed above, and to
ensure that the experimental measurements of the damage
equivalence of various types and energies of radiation could
be compared with published data!”, the gamma-ray energy
deposited as a function of depth in the MRD500 diodes was
required. [Charged particle equilibrium doesn't exist due to
the thickness of the device.] The ITS (Integrated Tiger
Series) photon/electron Monte Carlc radiation transport code
was used to produce the required depth-energy deposition
profile data. For the ITS simulation, 1.25 MeV photons were
made normally incident upon an infinite surface area, 250 um-
thick slab of Si (equal to the thickness of the die of the
MRD500 diode!'™!). The semiconductor slab was subdivided into
10 layers, each 25 pm thick, so that the absorbed dose in the
first two layers (corresponding to the junction region of the
MRD500) could be explicitly determined. The results of this
simulation (for 2E7 photon histories) appear in figure 5. Note
that the depth-dose profile has been normalized to one
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incident particle (i.e. Mev cm’/g per source particle),
therefore, conversion from fluence to energy deposition is
straightforward. The energy deposited per photon in the
entire thickness of the device (2.85gE-3 MeV) corresponds to
0.23% of the incident photon maximum energy (1.25 MeV).

8
- 125 MeV Protons
Z & 7 [ hcident on an
Q I Infinite Area Si Siab
SN
o
E i
25 °
Qo> 4 F
[}
xS 3 F
8 @ 2x 107 photan histeries
Yo of */-2% Statistical
Ll ‘;< Uncertainty in Simulation Data
—~— 1 -
O i L i 1 L i i L
0] 50 100 150 200 250
DEPTH IN Si (microns)
Figure 5 : Depth-dose profile for 1.25 MeV gamma-rays

normally incident upon an infinite-area,
250 um-thick 8i slab.

3.6 CARRIER LIFETIME MEASUREMENTS

Measurements of pre~ and post-irradiation carrier
lifetimes in junction diodes can be used to quantify
radiation-induced displacement damage in semiconductor
devices4-6.,101 Therefore, MRD500 diode pre- and post-
irradiation carrier lifetime measurements were made to provide
support for experimental damage correlations developed from
MRDS500 I-V measurements.

Lifetime (mwrw) measurements were performed for pre-
irradiated diodes, as well as for diodes irradiated at various
neutron, electron and gamma-ray fluences using the refined
Step-recovery technique of Dean et aif!, The technique
involves measuring the transient response of an initially
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forward biassed junction to a sudden reversing step potential.
The technique is applicable to P-N junctions with nearly
arbitrary impurity distributions and can achieve a temporal
resolution of better than 1 nanosecond. Measurements were
obtained using a Tektronix 7912HB programmable digitizer, a
Hewlett-Packard HP8008A pulse generator, several Hewlett-
Packard signal attenuators, and a Philips PM3267 fast
oscilloscope. Diodes used in the lifetime measurements were
taken from a common production lot. Results of the carrier
lifetime measurements are discussed in section 4.6.
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4.0 RESULTS AND ANALYSES

4.1 FORWARD CURRENT V8. VOLTAGE

4.1.1 Changes in Forward Voltage: Figure 6 shows
measured pre- and post-irradiation forward bias I-v
characteristics observed for neutron irradiated MRD500 diodes.
The uncertainty in all the reported I-V data is estimated to
be less than * 5%. Results obtained for gamma-ray irradiated
and electron irradiated diodes exhibit similar trends but are
not shown, due to the volume of data.

Neutron Fluence (cm=2, 1 MeV Equivalent):
UNIRRAD  1E11 1E12 1E13 1E14 1E15

200

1.50 "

Forward Curent (mA)
(o]
(o]
i

0.50 -
- —
-
0.00
0.30 0.80
Forward Voltage (V)
Figure 6 : Forward I-V characteristics of MRDSO00

diodes before and after irradiation with
cited fluences of (1 MeV equivalent) fission
neutrons.

Trends observed in the I-V behaviour of neutron, electron
and gamma-ray irradiated diodes shown in figure 6 can be
compared by selecting a common I; and observing fluence-
induced changes in diode V. characteristics at this current.
A more direct interpretation of the forward bias I~V behaviour
of MRD500 diodes can be obtained from figure 7. This figure
indicates that with I, = 0.4 mA, for example, for neutron,
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electron and gamma-ray irradiated diodes, V, values decrease
linearly and monotonically from unirradiated diode values at
low fluence levels, but then begin to increase monotonically
once a particular fluence level is exceeded, surpassing
eventually even the unirradiated diode Ve, values. In this
work, the fluence at which V. attains a minimum value is
referred to as the "reversal" fluence for the MRD500, for a
specific type and energy of irradiating particle.

m] Neutrons A Electrons o] Gamme-rays
090
0.80
2
0.70
§
S 060
3
$ 050
5
w
0.40
0.30 A H 1 1 ]
11 12 13 14 15 16 17
LOG [Fluence (cm™)]
Figure 7 : MRD500 forward voltage as a function of

particle fluence, for diodes irradiated
with neutrons, electrons and gamma-rays;
I, = 0.40 mA.

Figure 7 indicates a reversal electron fluence of
slightly greater than 4El4 e/cm® and a reversal neutron
fluence located between 1E14 and 1E15 n/cm?. This general
behaviour is explained in section 2.2. Essentially, since
carrier 1lifetime decreases®™%'! a5 radiation fluence
increases, equation (2.2) shows that V, decreases as fluence
increases, up to the reversal fluence. Since radiation-
induced increases in the resistance of the base material of
the diode are minimal for low fluences, then equation (2.3)
indicates that V, dominates Ve and hence, V, decreases linearly
and monotonically as fluence increases monotonically, up to
the reversal fluence (at a constant I, and temperature). At
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the reversal fluence, however, V., decreases to a minimum value
and then begins to increase monotonically, since radiation-
induced increases in R, become significant and therefore, A
begins to dominate Ve. :

Specifically, figure 6 indicates that diode base
resistance (R; = inverse slope of the I-V curve) changes very
little with fluence (at constant I;), up to the reversal
fluence. Below the reversal fluence, the relatively low value
observed for Ry suggests that radiation-induced displacement
damage in the base of the diode remains low and constant.
However, R, is observed to increase rapidly and monotonically
with fluence once the reversal fluence is surpassed, due to
increased concentrations of radiation-induced displacement
defects in the bases of the diodes. Therefore, beyond the
reversal fluence, radiation-induced changes in V. are
dominated by associated changes in v.. Importantly, the pre-
reversal fluence invariance of Ry points to the linear nature
of AVi(¢), for ¢ < PREVERSAL *

Figure 7 shows that gamma-ray fluences used to irradiate
the MRD500 diodes were less than that required to reach the
reversal fluence. Also, the figure shows data for 3E11 and
3E12 y/cm® irradiations that contradict trends observed for
results cbserved at other gamma-ray fluence levels. Although
both of these exceptions in the data remain unexplained,
gamma~ray fluences delivered to the diodes were based upon
predictions!?.8 generated from analyses of neutron and proton
displacement damage-~induced changes in the gain (hg) of a
bipolar transistor, rather than AV, for a P-I-N diode. Hence,
direct application of the h. -based damage correlations to
predict neutron and electron equivalent fluences in MRD500 P-
I-N photodiodes may not describe completely the effects of
gamma-rays in these devices.

4.1.2 Displacement Damage Correlations: Silicon
displacement damage factor ratios (K/K; where K is a
composite displacement damage factor for the type and energy
of radiation of interest, and K, is that K for neutrons)
extracted from the literature "have been used to obtain
estimates of the equivalence of production of displacement
damage in silicon, for neutrons, electrons and gamma-rays.
Electron and gamma-ray fluences used in the experiments were
selected to produce the same degree of displacement damage as
given fluences of neutrons (1 MeV equivalent). Changes in Ve
(at constant I, and temperature) for a variety of diodes have
been shown to be proportional to displacement damage produced
by incident particle fluences!s:2, therefore, the results
obtained from an experimental analysis of different types and
energies of radiation required to produce the same AV, can be
used to generate experimental displacement damage correlations

17



for MRD500 diodes. Note that damage factor ratio (K/K))
datal”?, presented elsewhere, was obtained by measurement of
changes in h,, of a silicon bipolar transistor following device
irradiation with a wide range of fluences and energies for
fission neutrons, electrons, and protons.

Figure 8 illustrates the proportionality between device
damage and the change in forward voltage, AV, , where AV, (mV)
is plotted against irradiating particle fiuence (cm'?) for
particle fluences below the reversal fluence. From the
experimental results, the ratio of fluences of 7.5 MeV
electrons to fission neutrons (1 MeV equivalent) required to
produce a -40 mV shift in V., (for I, = 0.4 mA) is
approximately 26:1. Therefore, since damage is proportional
to the measured shift in Ve , neutrons (1 MeV equivalent) are
approximately 26 times more effective than 7.5 MeV electrons,
per unit fluence, in producing displacement damage in MRD500
diodes. For comparison, published experimental datal”
indicates that fission neutrons (1 MeVv equivalent) are
approximately 20 times more effective than 7.5 MeV electrons
(per wunit fluence) in producing displacement damage in
silicon, in excellent agreement with the experimental results
of figure 8. ST

]
0]
O

-120

-140

-160

11

LOG (olFiuence (em=2)}

Figure 8 : Change in V., with particle fluence, for MRD500
diodes irradiated with neutrons, electrons and
gamma-rays; I. = 0.40 mA.
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Figure 8 also shows that the observed ratio of fluences
of 1.25 MeV gamma-rays to 1 MeV equivalent fission neutrons
required to produce a ~40 mV shift in Ve (for I, = 0.4 ma) is
approximately 140:1, while published experimental datal?.8
indicate that 1 Mev equivalent fission neutrons are
approximately 100 times more "effective" than 1.25 MeV gamma-
rays (per unit fluence) in producing displacement damage in
silicon. Again, reference data are in good agreement with the
experimental results of figure 8. Results for I, = 0.8 mA
through 2.0 mA were compiled and exhibit similar trends.

Importantly, figures 6, 7 and 8 show that MRD500 diodes
display relatively high, linear AV (o) sensitivity, up to and
including neutron-equivalent fluences of 1E14 cm?, well beyond
the useable fluence measurement range of the Harshaw damage
monitor P-I-N diodes.

4.2 REVERSE CURRENT VS. VOLTAGE

Figure 9 shows the pre- and post-irradiation reverse bias
raw I-V characteristics measured for neutron irradiated MRD500
diodes used in the experiments. Results obtained for gamma-~
ray irradiated and electron irradiated diodes exhibit similar
trends but are not shown, due to the volume of data. Trends
observed in the I-V curves for neutron, electron and gamma-ray
irradiated diodes can be compared by selecting a common V. and
observing changes in diode characteristics at this voltage.
For example, figure 9 shows that for Vv, = -20.0 V, the
magnitude of I, increases monotonically but non-linearly for
all neutron fiuences delivered to the diodes. Also, the
figure shows that values obtained for I, (at constant V. and
temperature) span approximately six orders of magnitude. This
behaviour is explained in detail in section 2.2. Similar
trends have been reported and discussed elsewhere in the
literaturel®-6.10-12,171

Since radiation-induced displacement damage is
proportional to the change in reverse current (at constant
Ve), a plot of AI, versus particle fluence, ¢ , will yield a
damage correlation for neutrons, electrons and gamma-rays.
However, correlation results are shown only for MRD500 forward
characteristics, for two reasons. First, figure 9 indicates
that for the range of types and energies of fluences used in
the experiments, AV, is linear with the associated change in
fluence, A¢p , whiie AI, is not. Second, the precision
associated with acquisition of millivolt changes in V. is much
higher than the precision associated with acquisition of
pPicoampere changes in I, , especially when picoampere AT,
values span approximately seven orders of magnitude.
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Figure 9 : Reverse I-V characteristics of MRD500

diodes before and after irradiation with
fission neutrons (1 MeVv equivalent).

4.3 REVERSE BREAKDOWN VOLTAGE

Breakdown-region pre- and post-irradiation I, versus V,
characteristics of neutron irradiated MRD500 diodes are shown
in figure 10. To reduce the possibility of damaging devices
through the application of high V, prior to irradiation, Ver
results shown are for unirradiated diodes and represent
average measurements made for four diodes taken from the same
production lot as all the irradiated diodes. The variation in
averaged Vg, values for unirradiated diodes was typically + 7%
from the mean value. The uncertainty in all measured values
is estimated to be * 5%.

Explicitly, it can be seen that the magnitude of V,
increases monotonically with neutron fluence, changing
approximately 40 volts for an associated fluence increase from
1E11 to 1E15 n/cmé. Results for gamma-ray irradiated and
electron irradiated MRD500 diodes exhibit similar trends but
are not shown, due to the volume of data. Pre- and post-
irradiation Vgy Characteristics shown in figure 10 are
explained in the literature@® 4,
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Figure 10 : Reverse breakdown voltage for MRD500 diodes

before and after neutron irradiation.

Explanation of the Vgr behaviour of the MRDS500 diode is
based upon the fact that the MRD500 is an abrupt junction,
narrow-base P-I-N diode, with N, > N,. Therefore,

€ E
Ve = —S7TCRIT (4.1)
2gN,
where
€ = dielectric constant of the semiconductor material

in the device

Eg;r = the depletion region electric field required to
produce avalanche breakdown in the device.

Changes in post-irradiation Vgr characteristics of the MRD500
depend upon the existing éonor impurity 1level in the
semiconductor, N, , and the magnitude of the critical electric
field, E,, , for the devicel®l, Radiation~induced production
of ehp's causes effectively a monotonic "reduction" in post-
irradiation values of N, (due to recombination), with
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increasing fluence. Hence, the breakdown voltage of the
device increases monotonically with fluence. Generally
speaking, however, Ver Values found for P-I-N diodes are also
highly dependent upon the width of the high resistivity base
region (relative to the N- and P-type regions) of the devices.
Wide-base P-I-N diodes are able to withstand very high reverse
bias voltages (typically on the order of 1 kV) before Eg,,
becomes high enough to initiate avalanche breakdown. Abrupt
junction, narrow-base diodes such as the MRDS500 can withstand
relatively low (typically on the order of 100 to 400 V)
reverse bias voltages before Ve 1s reached.

4.4 CAPACITANCE VS. VOLTAGE

Typical high-frequency (1 MHz) pre- and post-irradiation
C-V characteristics of gamma-ray irradiated MRD500 diodes
appear in figure 11. Results shown in the figure as
unirradiated values represent an average of four diodes taken
from the same production lot as the irradiated diodes. The
variation in averaged C-V measurements performed on
unirradiated diodes was typically + 5% from the average. The
uncertainty in C-V data measured for irradiated diodes is
estimated to be + 10%.

Gamma-ray Fluence (ecm™2):

UNIRRAD 3E12 3E13 314

6

— ——a— —————
b e e i s

Capacitance (pF) at 1 MHz
I
L]

Bias Volitage (V)

Figure 11 : Capacitance-voltage characteristics of MRD500
diodes at 1 MHZ, before and after gamma-ray
irradiation.
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Figure 11 shows that for a given gamma-ray fluence, and
with V, < -10 V, MRD500 diode capacitance remains relatively
constant as Vp increases. For Ve 2 =10 V, the figure indicates
that at constant fluence, capacitance varies roughly as Vv,
For low fluences, MRD500 post-irradiation c-v characteristics
remain relatively unchanged from pre-irradiation
characteristics. Conversely, the figure indicates that at
high fluence levels (¢ > 3E14 y/cmz), with Ve = =10 V
(approximately), diode capacitance apparently saturates,
changing slowly as V., increases. Results for electron and
gamma-ray irradiated diodes exhibit similar trends.

Experimental data presented in figure 11 are consistent
with results reported previously in the literature!10.12,15,161
Space charge layers formed at both the P'N and N'P junctions
of the MRD500 diode contain relatively few free carriers,
therefore, they behave 1like insulators of dielectric constant
€s aEproximately equal to that of the base region of the
devicelZ:3], Introduction of relatively high impurity
concentrations into the P-type and N-type regions of the diode
(with respect to the base region), cause the conducting
P-type and N-type sections of the reverse biased device to
behave like the plates of a parallel-plate capacitor. Thus,
the space charge layers and the base region behave like a
capacitor of plate area A,, dielectric thickness W, and
dielectric constant €s- The resultant junction capacitance is

(4.2)

provided that V;, is large enough to fully deplete the base
region of free carriers. Under these circumstances, the P-I-N
diode behaves like a voltage-independent, fixed-capacitance,
parallel-plate capacitor. This behaviour is observed in
figure 11, for Ve £ -10 V.

When V, is not large enough to fully deplete the base
region, the dielectric thickness chan?es with applied voltage
and the junction capacitance becomes 23!

C. - g€ (Np-N,) (4.3)
7 2 (Vp+ Vpy)

23



where

\Y/ = "built-in" voltage of the P-I-N junction.

B1
Equation (4.3) indicates that the pre-irradiation reverse bias
capacitance of an undepleted typical P-I-N junction device
exhibits a V"% dependence (for Vegr > Vg;), thereby supporting
experimental results obtained from figure 11, when V, 2 -10 V.
Since the capacitance of unirradiated MRD500 diodes is
observed to be independent of voltage for Vp, £ =10 V, then
MRD500 diode depletion voltage, Vigpr ® =10 V.

The post-irradiation reverse bias capacitance of a
typical P-I-N junction diode depends upon reverse bias voltage
strength and frequency, and the magnitude of the incident
radiation fluence (for a given type and energy of radiation).
At relatively low fluences, little damage is created within
the device and post-irradiation C-V characteristics remain
relatively unchanged from pre-irradiation characteristicst0.161
However, at constant frequency and for moderate fluence levels
(up to 3E14 y/cm? in low resistance substrates), creation of
defects near the periphery of _the "dielectric region" of the
"junction capacitor" causes moderate lengthening of the

dielectric region!'?, Subsequently, C, decreases as ¢
increases. For high fluence 1levels, "dielectric region
lengthening and large increases in (N, - N,) effectively

saturate C; , removing the voltage dependence of C,. Figure
11 shows the effective saturation of C,, for V, < -8 V and with
¢ = 3E1l4 y/cm?.

4.5 CAPACITANCE VS. FREQUENCY

Pre—-and post-irradiation C-f characteristics of the
MRD500 diode (measured at several reverse bias voltages)
appear in table 1, as well as in figures 12 and 13. Tabulated
pre-irradiation C~f characteristics measured for gamma-ray
irradiated diodes shown have been used as "typical¥
unirradiated examples of results for all neutron, electron and
gamma-ray irradiated diodes studied in the analysis of MRD500
diode C-f characteristics. The reported unirradiated values
represent an average of four diodes taken from the same lot as
all neutron, electron and gamma-ray irradiated diodes. The
variation in averaged C-f measurements performed wupon
unirradiated diodes was typically * 5% from the average. The
uncertainty in all measured C-f data is estimated to be less
than * 10%.
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Gamma-ray irradiated MRD500 diode C-f characteristics
shown in table 1 were obtained at various reverse bias
voltages for several gamma-ray fluences. Tabulated
experimental results indicate that at constant frequency, C
decreases as V, increases (up to approximately -10 V). Also,
C, decreases as gamma-ray fluence increases, for constant Ve
and constant frequency. Finally, tabulated results show that
for a constant irradiation level and reverse bias voltage, C

remains essentially independent of frequency in the range from
100 Hz to 10 MH=z.

Figures 12(a) and 12(b) show MRD500 diode cC-f
characteristics measured at several reverse bias voltages, for
electron fluences of 4El4 e/cm® and 4E16 e/cm®. The figures
indicate that at a constant fluence and frequency, ¢
decreases as V, increases (up to approximately -10 to =20 V).
Also, the figures indicate that a noticeable monotonic step-

like decrease is seen in C; with frequency, at both 4E14 e/cm?
‘and 4El16 e/cm?.

Bias Voltage:

— -30V----20V ——- -0V ‘- -5 Vv

e - — —— —
———— s — — — —
— —
e e = -

Capacitance (pF}
/

e e ae o= e
- -
-

Figure 12(a) : Capacitance-frequency characteristics of
MRD500 diodes following irradiation
with 4E14 e/cm?.
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Figure 12(b) : Capacitance-frequency characteristics of

MRD500 diodes following irradiation
with 4E16 e/cm2.

Figure 13 shows neutron irradiated MRD500 diode C-f
characteristics for a neutron fluence of 1E15 n/cmf, measured
at several reverse bias voltages. This figure shows trends
similar to those observed for gamma-ray and electron
irradiated devices, especially the noticeable monotonic step-
like decreases in C, with frequency seen for the electron
irradiated diodes of’ figures 12(a) and 12(b).

The frequency dependence of the junction capacitance of
P-I-N diodes is a complex functionfi215-171 = o¢ dopant
concentrations, pre- and post-irradiation defect
concentrations, Jjunction width, base region width, and
frequency of the voltage signal applied to the device. The
resultant description of this capacitance as a function of
signal frequency, C,(e), is givenl® by

CHF - CLF

C,(w) = C,. +
J HF 1 +(|.)2"L'9ff2

(4.4)
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Figure 13 : Capacitance-frequency characteristics of

MRD500 diodes following irradiation
with 1E15 n/em?.

where

0 = the frequency of the applied signal (Hz, kHz, MHz...),

Cyr the high-frequency limit of C, , (equation (4.2)),
C = the low-frequency limit of C,, and

Tess = the effective relaxation time of charge carriers from
the conduction band (MRD500) to defect sites in the base
material of the semiconductor.

The effective relaxation time depends upon not only the
physical relaxation time of the carriers and upon V., , but
also upon the actual concentration of the defects in which the
carriers become "trapped". The low frequency capacitance is
a complicated expression consisting of both real and imaginary
components. '

Pre-irradiation differences in C. and C,. of P-I-N diodes
have been found to be insignificantf'?, Therefore, for
unirradiated diodes, equation (4.4) can be 'l:r:ans'.fcarmed[155 into
either equation (4.2), when V., exceeds the depletion voltage
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of the device, or into equation (4.3), when V; remains less
than the depletion voltage. Table 1 indicates that C,
decreases as voltage increases, up to V, ® =10 V., Beyond this
point, C;, becomes essentially independent of applied \/
Therefore, equation (4.3) describes the unirradiated MRD500
diode C-f behaviour up to -10 V, and equation (4.2) describes
the behaviour for Ve < =10 V. Note that this behaviour is
substantiated by results presented in section 4.4, where the
depletion voltage of the MRD500 diode was found to be
approximately -10 V. Therefore, the voltage and frequency-
invariance of C, for V, £ -10 V observed for unirradiated
MRD500 diodes is not unexpected.

The post-irradiation C~f characteristics of MRD500 diodes
shown in table 1 and in figures 12(a), 12(b) and 13 indicate
that at constant fluence and frequency, for Ve less than
approximately -10 V +to =20 V (depletion voltage), C
decreases as voltage increases. For the gamma-ray irradiated
MRD500 diodes seen in table 1, C, remains invariant with
frequency. However, C-f characteristics of electron and
neutron irradiated MRD500 diodes shown in figures 12(a), 12(b)
and 13, respectively, indicate that a definite frequency
dependence exists for c,.

Equation (4.4) can be used to discuss the post-
irradiation C-f characteristics of MRD500 diodes. At very
high frequencies (= GHz) and/or at very low device damage
levels, equation (4.4) can be simplified to show that C = Cyr-
Hence, depending upon the level of V; applied to the device,
resultant C-f behaviour will be given either by equation (4.2)
or (4.3). Although gamma-ray irradiated MRD500 C-f
Characteristics listed in table 1 were not measured at GHz
frequencies, the small Ac,(¢) observed for the diodes (arising
due to low device damage) thereby permit description of gamma-
ray irradiated MRD500 C-f characteristics by equations (4.2)
and (4.3). .

At frequencies up to several MHz, the C; term shown in
equation (4.4) dominates C, , regardless of fiuence. Hence,
C-f characteristics observed for the electron and neutron
irradiated MRD500 diodes of figures 12 through 13 are
dominated by the C term. 1In this regard, the complexity of
the C ., expression renders it impossible to predict electron
and neutron irradiated MRD500 C-f characteristics. However,
Dabrowski and Korbel!'®:'! have provided an analytical method
to describe qualitatively and quantitatively +the c-f
characteristics of moderately-to-highly irradiated P-I-N
diodes containing'radiation-induced<iisplacement.defect.energy
levels. Published experimental datal!’>'7 optained using this
method indicate the existence of a number of displacement

29



defect energy levels, which results in the formation of an
equivalent number of discrete reductions or "steps" in the C-f
curve (at constant V,) as the frequency of the voltage signal
applied to the evice wunder analysis is increased.
Intuitively, shallow energy levels appear as relatively low
frequency (= Hz) steps, while deep energy levels appear as
relatively high frequency (~ several MHz) steps.

The absence of steps in the gamma-ray irradiated MRD500
diode C-f characteristics shown in table 1 indicate that
gamma-ray-induced displacement defect concentrations are
relatively low, and so, the existence of well-defined defect
levels cannot be inferred. However, the steps seen in the
electron irradiated MRD500 diode C-f characteristics shown in
figures 12(a) and 12(b) suggest the existence of radiation-
induced displacement defect levels in the electron irradiated
devices!16.17T,

The experimental results shown in figure 13 depict the
presence of neutron-induced displacement defect 1levels,
similar to results seen for electron irradiated diodes.
Although the results presented in table 1 do not indicate the
presence of well-defined defect levels, gamma-ray fluences
represented in these figures are orders of magnitude
relatively less effective at producing displacement damage
equivalent to that produced by the electron and neutron
fluences!:8 represented in figures 12(a), 12(b) and 13,
respectively. Therefore, gamma-ray-induced displacement
defect concentrations are commensurately lower than those
induced by neutron and electron irradiation of the MRD500
diodes. T

Note that C, measurements were made for a wide range of
frequencies, to ensure that the observed "steps" were not
artifacts created during the measurement process.

4.6 CARRIER LIFETIME

Lifetime measurements described in section 3.6 were
obtained for use as validation of AV_(¢) damage correlations
presented in section 4.1. It was found that although the
experimental method selected was rePorted to be useful for
measurement of nanosecond lifetimes(?!, meaningful lifetime
measurements could not be obtained for the MRD500, which has
a sub-nanosecond lifetime (7 se e < 1 ns). An alternate
measurement technique must be developed to obtain lifetimes in
very high-speed P-I-N junction diodes such as the MRD500.
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5.0 CONCLUSIONS

‘The Motorola MRD500 photodiode is an abrupt P-I-N
junction, narrow-base, fast device. Permanent changes in the
electrical characteristics of the MRD500 diode following
exposure to a range of fluences and energies of neutrons,
electrons and gamma-rays are related primarily to displacement
damage in these devices. Measurements of AV}(¢) at constant
I. and constant temperature were used to experimentally
investigate the equivalence of neutron, electron and gamma-
ray-induced displacement damage effects in MRD500 diodes, and
to determine displacement damage correlations in silicon for
the types and energies of radiation used in this work.

For constant forward current, MRD500 diode forward
voltage decreases monotonically with increases in fluence;
from 1E11 n/cm® (1 MeV equivalent) up to the reversal fluence
of greater than 1E14 n/cm?, from 4E12 e/cm? (7.5 MeV average
enerqgy) up to the reversal fluence of greater than 4E14 e/cm?,
and from 3E13 y/cm® (1.25 MeV average energy) up to 3E15 y/cm?
(reversal fluence not reached). Specifically, since shifts in
V. remain linear for neutron fluences of up to 1E14 n/cm?, the
MRD500 diode is useful as a neutron fluence monitor well
beyond the range (up to = 1E12 n/cm% of the widely-used
Harshaw DN-156 P-I-N diode neutron fluence monitors (currently
used® by the Nuclear Effects Directorate at Aberdeen Proving
Ground, Aberdeen, Md.). Following suggestions from the
authors, the Nuclear Effects Directorate is presently
investigating the suitability of the MRD500 diode as 2 neutron
fluence monitor and as a flash X-ray pulse monitor.

Experimental measurements of fluences of 7.5 MeV
electrons and 1.25 MevV gamma-rays required to produce (at
constant current) a AV, similar to the AV, created by fluences
of neutrons (1 Mev equivalent) were compared with published
damage-equivalence resultsg!?, Published damage-equivalence
results showed good agreement with experimentally-determined
damage-equivalence results.

The MRD500 diode is currently being used at DREO as a
calibration device for comparison of peak photocurrents
generated in semiconductor devices by a given dose rate of
electrons from a LINAC, with a given rate of energy deposition
from photons generated by a pulsed infrared (1064 nm) NA:YAG
laser. It is desirable to reuse individual MRD500 diodes for
multiple "shots" during experimental work if changes in the
electrical characteristics of the device (i.e. device damage)
do not detrimentally affect the measurement of photocurrent.
Measurements of pre-~ and post-irradiation I-V characteristics
and breakdown voltage characteristics of electron irradiated
MRD500 diodes are, therefore, important to delimit the useful
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device lifetime (in terms of total electron fluence and/or
total dose) for a given electron energy. Similarly, this
information has application in determining the useful device
lifetime for the MRD500 as a flash X-ray pulse monitor and as
a neutron fluence monitor. Although infrared radiation from
the Nd:YAG is incapable of producing displacement damage in
the MRD500 diode (or in any other semiconductor material or
device), changes in I-V characteristics of laser irradiated
diodes can be used to indicate the onset of thermally induced
damage to the devices. Measured data will be used at DREO to
support ongoing experimental work in this area.

The investigation of radiation-induced changes in the
electrical characteristics of MRD500 diodes could be extended
to increase greatly the resolution of the currently existing
AV_.(¢) data for electron, neutron and gamma-ray irradiated
devices. Also, gamma-ray irradiations could be prerformed at
higher fluence levels (e.g. 3E16, 3E17 y/cm?), to define the
reversal fluence for gamma-ray irradiated MRD500 diodes.
Finally, an investigation of the short and long-term annealing
behaviour of irradiated MRD500 diodes could be performed, to
increase the repeatability.-and accuracy of all AV (¢)
measurements performed on MRD500 diodes. This data coulé be
used to increase the accuracy of MRDS500 P-I-N photodiode
experimental displacement damage correlations obtained for
neutrons, electrons and gamma-rays.
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6.0 APPENDIX A ~ SEMICONDUCTOR JUNCTION CURRENT-VOLTAGE
CHARACTERISTICS

—_——— e e

The current-voltage characteristics of unirradiated,
abrupt junction P-I-N diodes operating in low-level injection
can be accurately approximated by the diode equationi®4

gAn,w qv, qv,
I, = ——2_ ex I.le —_) -1 6.1
D 27, p(sz) + Ig[exp( T ] ( )
where
I, = diode forward (I;) or reverse bias current (L),

I, = diode reverse bias saturation current,

V, = junction Voitage,

n; = intrinsic carrier concentration (approximately 102
electrons and holes per cm® of intrinsic si),

A = cross-sectional area of the junction,

W = width of the junction,

unit electronic charge

1]
]

and

To = effective minority carrier lifetime within the junction
region.

The first part of equation (6.1) describes the
recombination component of the diode current, arising from the
recombination of electrons and holes within the depletion
region(s) of the diode. The second part is the diffusion
component, arising from the recombination and subsequent
diffusion of excess minority electrons and/or holes (injected
from the external circuit through ohnic contacts) within the
neutral semiconductor material of the diode. The I, term is
a constant that depends upon the physical and "chemical
properties of the semiconductor material. It has been
shown!3] that for Ve < -4kT/q (V; = -100 mV at room
temperature), I, saturates at the limiting value I,. Hence,
I, is defined as the diode reverse bias saturation current.
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Specifically,
thno Den
I. - gA + B2 6.2
s = qAl( I, Le) (6.2)
where
D, , D, = diffusion coefficient for electrons and holes,
respectively,
L, , L, = diffusion length of electrons and holes,
respectively
and
n_ , p = thermal equilibrium concentration of electrons
po no N « ] . :
(minority carriers) in the P-type material, and
the thermal equilibrium concentration of holes
(minority carriers) in the N-type material,
respectively.
Since
n 2
n,, = N: (6.3)
and
ng
Dpo = (6.4)
no ND
then
D D '
Is = gAn2(—= ) (6.5)
NpLy NpLg
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with

Z
|

= dopant level in the P-type material, and

N, = dopant level in the N-type material.

Therefore, the complete diode equation is

- W qVJ 'D.h .l)e qVJ _
I, qAnl-[z%exp( sz) +ni(NDLb+NALe) (exp ( kT) 1)] (6.6)

At room temperature, for forward bias voltages exceeding
8kT/g (V. = 200 mV at room temperature), the diffusion
component of the diode current dominates I, and the diode
equation becomes

D qv,.
I, =~ gAn2(——28_ ., ° )ex J 6.7).
F = IR0 (NDLh NALG) P xT (6-7)

For an unirradiated, abrupt junction, narrow-base P-I-N diode
in which (for example) electron-type conduction dominates
hole-type conductiont? (N, > N,),

gAn;*D, qv,
I ex 6.8
P N, L. p( T ) ( )
or
An2/D
Ip = fi——i——ﬁ-exp( i;f) : (6.9)
Nyyv,
since
Le = /DT (6.10)
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and with D, and 7, representing the diffusion coefficient and
carrier lifetime for electrons, respectively. Solving for

L/

v, - kT In{ LeNayTe ] (6.11)
of gAn;? /D,

Since the forward voltage drop across the diode, Ve , is

Vp = V,+ Vg (6.12)

where V, is the resistive voltage drop across the base region
of the giode, then in P-I-N diodes with narrow, relatively low
resistance base regions, most of the total forward voltage is
dropped across the junction, V,. Alternately, since the base
resistance of the diode (and therefore, V;) increases
dramatically with the width. of the base region, V. is
dominated by V, for wide-base P-I-N junction diodes.

The unirradiated, reverse bias behaviour of abrupt
junction, narrow-base P-I-N diodes is explained by examining
I; for various levels of reverse bias. Equation (6.6) defines
the two components of diode reverse current; first, the
generation component of I, (analogous to the recombination
component of I.) arising from generation of electron-hole
pairs in the depletion regions of the junctions of the
device®3; and second, the diffusion component of I, , arising
from processes similar to those described for forward biased
diodes. At room temperature, for V, < -4kT/q, the diffusion
component dominates I, and the diode equation becomes

D, D, ) (6.13)

AYe

Additionally, equations (6.10) and (6.13) show that for an
abrupt junction, narrow-base P-I-N diode in which N, > N, ,

I, = gAn;®( VP ) (6.14)

N /T,
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when V, < -4kT/q. Analogous to equation (6.12), V, can be
described by

V - V '*'V (6.15)-
R J B

Therefore, since V, <« Vg , most of the total reverse voltage
is dropped across the base of an unirradiated P-I-N diode with
a narrow base region, as long as Vp £ -4kT/g. Also, since
the voltage dependence of IIi has been removed, I, has
effectively become "saturated! at I, , and will remain
relatively constant until V., approaches the breakdown voltage
of a device®3!'. Hence, Vg dominates V, across the operational
range of reverse biases of the P-I-N diode.
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