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Transient Radiation Effects on Detectoers
INTRODUCTION

This report contains the initial results of & study of the
long term effects of high energy neutrons on near-infrared detectors.
The detectors chosen for this study are lead sulfide,
indium arsenide, and mercury cadmium telluride. All detectors are
for use at wavelengths shorter than about six micrometere.

Included in this selection of detectors are one type which
operates at room temperature (Pbs),three which operate at 78°K, two

which are photoconductive (PbS, Hgj.xCdyTe), and two which are of the
photovoltaic type.

Section II of this report contains an analysis of the detec-
tion mechanisms and identifies material parameters which influence
detector performance and vhich may be -adlation dependent.

The third section contains a description of experiments on
lead sulfide de*-actors. Similar data for InSb, InAs, and Hgl Cd Te
-X X
will appear in future reports.

ANALYSIS OF DETECTION MECHANISMS

In order to understand the effects of radiation damage on
detectors it is necessary to have a mathematical description of the
mechanisms by which the photosignal and the detector noise are produced.
It is then possible to identify the material propertiles which are im-
portant in good detectors and which may be rsdiation dependent.

The detectors chosen for this study ineclude types which are
commonly manufactured in the photoconductive form and types which are
commonly manufactured in the photovoltaic form. The detection mechan-

isme are sufficiently different that separate mathematical models are
required for each form.

Photoconductive Detectors
Signal Considerations

Photoconductive detectors operate by absorbing quanta of
infrared radiation to produce free carriers which increase the detector
conductance. This increase in conductance is monitored by suitable

indium antimonide,
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electronic circuits. The detectors chosen for this study are intrinsic
detectors, that 1s, the photon absorption i1s produced by a mechanism
intrinsic to the pure semiconductor snd not associated with the im-
purities in the semiconductor. Impurities do, however, piay other

i important roles in intrinsic detectors, particulerly the photovoltaic
type .

Sewlconductors are characterized by the existence of a for-
bidden energy gap in which there are no allowed electron siates. The
lower edge of this gap 1s the velence band which is normally fully
occupled by elzctrons. Quanta of energy greater than the gap &.e able
to excite electrons from the valence band to the conduction band (the
3 upper limit of the forbidden gap). Both the electron in the conduction
5 band and the unoccupied state (hole) in the valence band can move under
the influence of an external electric field. By increasing the nurber
of free charge carriers the infrared radiation increases the detector
conductivity which is proportionel to the carrier concentration.

IR LA 2l

Changes in conductivity are monitored using a circuit of the
type shown in Fig, 1

E RL

, s AW ~— e
Vb -T- DETECTOR METER
i I

AR

Fige 1  Typical detector circuitry

" : interaction of the detector with its circultry can be
described using the equivalent circuit of Fig. 2
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Fig. 2 Detector equivalent circuit

Here Vp is the bias voltage; Rp is the load resistance; Rg
is the background resistance, that is, the resistance of the sampie
when the signel illumination is absent; Ky is the signal resistance
which i3 produced by the photon-generated free carrilers. The signal
voltage, AV, resulting from the introduction of the signal resistance,
Rq,into the circuit is given by




s
I

iN

%4
£

TN,

bl o Al T L

T P IR AL P T Y

= N G INAY

S e AP RETIEE Rey ™ B S AR Y R R A R T TR ARV

l/R8
d d 1/Ro + 1/RL (1)

in the small signal approximstion, that is, when R8 >> Ro.

Two cases must now be considered. If the ioed resistance
is much larger than the sample resistance this equation reduces to

1/Rg

AV, =V .
d d 1 7Ro (2)

This is the equation for the signal in the constant current condition
(the larger load resistor dominates the circuit resistence and there-
fore the current through the detector is essentielly unchasnged by the
small changes in detector resistance prc .uced by the illumination).

If, on the other hand, the load resistence is small, Eqn. 1
reduces to

AV. =V llﬂs e (3)
| d 17RL

This is the equation for signal in the constant voitage condition (the
voltage across the detector is approximately constant).

In order to determine what information cen be obtained from
these last two equations we write the background and signal resistances
in terms of the microscopic material paremeters of the detector:

£ = 897, W) 7 en Wit , (%)

vhere W and L are dimensions of the detector as showm in Fig. 3

Nsanlim |
7

V

Fig. 3 Detector dimensions

A¢ is the change in the photon flux density due to the signul radiation;
s (A) is the effective quantum efficiency for the crestion of electron-
hole pairs, snd is a function of wavelength, A , e is the electronic
charge and Tg and g are the effective carrier lifetime and mobility,
respectively of the photon-generated carriers. When equal numbers of
electrons and holes are produced by the illumination the Tp product is
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given by

TSMB=Tep,e+'rhp,h ’ (5)

that 1s by the sum of the electron and hole fu products.

In e cimilar way we can write the background resistance as

/R, =GT ek, 1/12 , (6),

where G 1s the total background carrier-generation rate and ¥, and Lo
are the effective lifetimes and mobilities for the background processes.

Some detectors, notably the extrinsic silicon and germanium
detectors, have a background generation rate, G, which is proportional
to the background photon flux and lifetimes and mobilities which.are
equal for both the signal and background processes.

In such & situation
R, =@7, W)WLT e, /L . (7)

For this situation the sigmal. in the constent current conditilon becomes

AV, =V 89 7, O . (8)

S A O

* For such detectors the signal is independent of all material parameters

except the quantum efficlency.

In order to discuss detectors which ao not have this conveni-
ent property we can express the lifetimes and mobilitles as functions
of a parameter & which is a measure of the amount of radiation damage
produced. Then

%‘- = Ad Mg (\) wL "?s (o) e Es (a)/Lg (9)

and

%o = GT_(0) efi (n)/Lf . | (10)

The constant current signal for such a case 1s




R YO A

(RS Y

I T T T Y AT A T, TEERCRT AR

Mn, W) WT, (@) i, @) (1)
¢ e () E, (@ o

If we assume that Ag, W, and G are to first order in & inde~
pendent of any radiation damage , theu we can lump these parameters into
a constant, K, and write

\'VJ L‘r (&)
&V, =V, K (a) = -(;)w N, \) . (12)

The signel, therefore, is changed by rediation damage only when the
ratio of the Ty products or the quantum efficiency is changed. If the
Ty products for the background processes change in the same way with
radiation damage, for instance if they are proportioral to & , then the
signal is independent of the demage produced. If, however, the signal.
is experimentally found to be a function of radiation damage we conclude
either (1) the Ty products for the signal and background processes are
affected differently, or (2) the spectral response Ny (A} of the de-
tector 15 changed.

The signal for the constant voltage condition was given as
Eqn. 3
1/Rs

l/RL

Hera we have only the aignal resistance to write in microscopic para-
meters:

&V, =V R A7 (x) nTe (@) el (@) - {13)

In this equation it is conveniient to introduce the photoconductive gain,
g, defined by

Vg To@ie, ()

g (o) = J (1)
L L

80

=afn, (\) WR e g () . (15)

Assuming that the dependence of spectral response on radiation

Py o PURRNG R L O L RN, T Y SThia =3 A AR AN
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damage is constant to first order, we find that all the radiation
effects are in the photoconductive gain term g (~v). Thus, in both
congtant current and consta~t voltage conditions, the effect of radie-

tion damage to photoconductive detectors is primarily determined by
the change in the T product.

Minority Carrier Sweepout

Up to this point we have assumed that radiation damage re-
duces the Ty product and consequently reduces the signal. Although
this is the usual situation it need not hold in all cases. The reason
for the possibility of an incr=ase in signal can be underctood by con-
sidering the effects of the sweepout of mincrity carriers from the
detector. Minority carrier sweepout sets & limit on the achievable gain
for intrinsic detectors. The intrinsic signal generation process pro-
duces both free holes and free electrons which migrate to opposite
electrodes under the influence of the bias field. Assume that the
minority carcier mobility is much smaller than the majority carrier
mobility. If the bias and lifetimes are sufficiently large the majority
carrier will reach 1its electrode iong before the minority carrier is
swept out of the crystal. When this happens an additionasl mejority
carrier is injected into the crystal from the opposite electrode and

continues the conduction process. In this way photoconductive gein in

excess of one is possible. An ohmic contact tc a semiconiuctor can be

shown to be capable of injecting majority carriers and incapable of
injecting minority carriers. Consequently, if the contacts are ohmic,
when the minority carrier reaches the electrode no additional minority
carriers can be injected. The majority carrier then either recombines
to preserve charge neutrally or is swept ovt, and the conduction pro-

cess stops. This sweepout of mejority carriers places a limit on the
photoconductive gain.

Minority carrier sweepout can be delayed with a resulting
increase in further photoconductive gain by introducing minority carrier
traps which reduce the effective minority carrier mobility. Rediation
effects which produce minority carrier traps can therefore increase

the minority carrier sweepout time and thereby increase the photoconduc-
tive gain and enhance the photosignal.

Noise Considerations(l)

Noise in photoconductive detectors can be classified into

three types: (1) generation - recombination noise, (2) Johnson noise,
and (3) "/f" noise.

Generation - recombination nclse is a result of the statisti-
esl uncerteinty in the times of the generation and recombination events.
The freguency spectrum of the fluctustions in the concentration of
vackground, non-photor~induced carriers is typically given by

by
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AN (0) =26 T (1 +u? 7P - (16)

Treating the concentration fluctuation as a signal, we can substitute
for l/Rs the following:

Ees s ey S

e

. 1
l/Rs AN (w) ep " .

a8

The resulting noise is given by:
3 _ 1
26~ o € ¥ h2
Constent I: AV, (w) = A . (7

o - 2,3
1/R° (L +w 'ro)

ol

i+

v

6T ep L
3 20 . (18)

1/RL (1 + w? "Foe)%

|
<3

Constant V: &Va, (w) =

A similar calculation must be made for the photon-generated carriers

using the proper expression for generation of hole-electron pairs.
This gives

3 - L
2z WL ) ?s e, 12
Constant I: &V, (w) = LA 2 3 (19)
* 2 e 24%
/R, (1 + 0" 7.%)
. L
o(g Wi ns) Toeb, 12
Constant V: L\ (v) = A (20)

. oy Ly Ot T o o v I e St L 2
Stsheer .wr.mzm:e;.;m.x.%e;@.@;w&&c&»mmmmﬂwmmvm;mﬁm@m S

2 - 2\
l/RL (1 + T,)

The total noise from these two generation recombination pro-
cesses (i.e. signal and background processes) is equal to the sum of

these noises added in quadrature, that is, the square root of the sum
of the squares of the two processes.

Johnson noige arises from thermal motion of the free carriers.
The Johnson noise voltage from a device with resistance R at absolute
temperature T measured with & noise bandwidth AT is given by

oy=[ bk TR ae]® . {21)

If the detector and its load r=sistor are not at the same

-

R
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4 temperature the expression is more complex. In general, for a set of
resistors of resistaeice Ri at temperature 'I‘i the Johnson noise is

&V = [[iTRi]% [hk af Zmi Ri]% /; R, . (22)
i

E: The magnitude of the Johnson noise casn be made small by cooling the
. detector and by minimlzing its resistence. "1/f" noise processes are
. not easily written in analytic form. The current and frequency de-

¥ pendence of the noise voltage is usually of the form
% n
. AV, = Af C If , (23)
E where Af is the noise bandwidth. The terminology "1/f" refers to the 1 %
T A frequency denendence of the noise power. The magnitude of the l/f ! E
;; noise can be a function of the quality of the electrical contacts to E

the detector, the sucface prepsration, end the care with which the
. sample is handled. Since 1/f noise cannot easily be treated analytically
¥ and since most detectors aere, if possible, operated at sufficiently
N high frequencies to avoid this noise we shall assume in the following
3 analysis that it is negligibly small.

Signal to Noise Ratios

5 As is indicated sbove the noise coniributions of rrimary con-
cern, if the effects of radiation dumage are to be analyzed, 1is the

3 Johnson noise. Accordingly, the signel-to-Johnson noise ratio should
I be minimized and, tc the extent possible, made indepenéent of the
{ amount of radiation damage produced. Yor constant - current operation

the signal is given by Eqn.(11) andthe Johnson noise by Eqn. (21). The
single - to - noise ratio is then:
s vy Ag A N CORTIR (Y . (o)
¢T_ () (w) hkmmc‘%'"%”%?e%r,
o ¥/ Ko \¥ : To o

The radiation dependence is contained in the Tu terms and we
can write

" S _ s v
- :‘ I-f - K . (25)

For conetant voltage operation we use the expressions for the
signal given by Eqn. (15) and for the noise by ¥gn. (21). The resist-
ance is that of the load resistor, RL'
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The radistion dependence is in the gain factor exclusively. :
Lo Therefore any change in the signal - to - noise ratio is due to a :
change in photoconductive gain.,

=

PR SR e

For situations in which the signal and background time con-
stants and mobilities have the same dependence on + the constant cur-
rent moge of operation gives & signal - to - noise ratio which varies
as T< p< 4 wnereas that for the constant voliage mode varies as Ty

Consequently, constant current mode operation is more rsdiation resis-
tant for this situation.
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Photovoltaic Detectors
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Signal Considerations(

Photovoltaic detectors operate through the creation by in-
cident photons of free electron=hole psirs, as is elso the case for
photoconductive detectors. Photovoltaic detectors, however, differ
from the photoconductive types in the way in which the photon-generated
free carriers interact with the detector er. the measuring circuit.

These differences provide the photovolteic detector with several ad-
vantages.

A photovoltaic detector consists of a junction which can be
illiminated and a pair of electrical contacts. In practice detectors
are usually made using a "mesa” structure as shown in Fig. b

~p-type
n.type

¥

Fig. 4 Typical photovoltaic detector construction

The structure shown in Fig. I consists of a p-type layer a few microns
thick on an n-type base material (n-on p-structures can also be made).
Radiastion to be detected falls on the surface of the thin p-type layer.
Free electrons and holes are formed within the material neer the top
surface. If the sbsorption coefficient is small some carriers can be
produced in the junction region or in the n-type base layer. These
carriers diffuse toward the junction. Analysis of the electric field ;
configuration in a8 p-n junction shows that only the minority carriers

provren
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which reach the juaction from either side are swept out by the field
at the junction to produce a flow of current in the external circuit.
The total current flowing through the diode 1s made up of photon-
generated currents, thermally generated currents, the ideal diode cur-
rent given by the Schockley Eqn. and any currents due to leakage across
the junction region. In order to calculate the current and noise to be
expected from a typicel photovoitaic detector we cen essume that the
detector is conled sufficliently to ceuse thermally generated currents

to be negligible. The contribution to the diode current from the photon-
generated carriers is glven by

A
Ipc='AdS ) FO)ar (27)

where, as before,e is the electron charge, % (\) is the quantum efficien-
ey, § (A) is the photon flux density, and A is the diode ares. The
quantum efficiency # (A) is to be understood to represent the probabili-
ty thet a photon incident on the detector surface will produce & hole-
electron pair and that the minority carrier so produced will diffuse

to the junction region and be swept out. = (1), then, will Ye a
function of the photon absorption coefficient, minority carrier diffu~
sion length, and the probability of sweepout.

An ideal diode will carry a current whose value is given by
the Schockley Eqn.

I

_ eV/ 8 kT
q = I (e -1) .

(28)

V is the potentiel across the diode, T is the diode temperature, 8 1is &

factor between abcut one and four, and Is is the reversc saturation
current which is given by

DP DN
I - onel —RE , _EPoq (29)
gp Ln

Here A is the dilode area, and Dy are the hole and electron diffusion
coefficients, Lg and Ly are the hole and electron diffusion lengths,f’no
1s the equilibrium concentration of holes in the n-type side, and Ny,

is the equilibrium concentration of electrons on the p-type side.

Any stray conductance Gy shunting the junction (such as sur-
face leakagzg will contribute & current I1 given by

I, =G V . (30)

The total current across the junction then is

10

Ln oty
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I=Is(eev/akT-l)-eA¢+GlV ) (31)

Modulation of the photon flux will produce a signal given by

oT = 2L of - Lo + 1 gin V/BKT EL 6,251 o8 (32)

av
Since 53 is positive, the signal current is out of phese with
the other components of this equetion and it is therefore desirable to
cperate with an electrical circuit which will insure that

(1)% m0end (2) VS O .

We will see below that similar conditions provide minimum detector
noise. In practice, although it is impossible to satisfy these condi-
tions exactly they can be approximately fulfilled: either the detector
can be operated into a very low resistance circuit (real or synthesized)
or by means of a bies circuit the average value of V can be set to zero.

Noise Considerations(3)

Noise in photovoltaic detectors ic primarily (1) generation-
recombination noise, (2) shot noise, (3) Johnson noise in the leakage
current, and (%) l/f noise. Generation - recombination noise can be
written &3 shot noise in the photon generated current and so combined
with the ideal diode curremt. The total shot nolse is then

I
2 s (.eV/ 8k T
Ins = M2Ze [ Ipc + 3 (e + l)] » (33)

vhere Af is the noise bandwidth and Ipc is the photon genersted current.

The Johnson noise in the leskage current is given by (see
Eqn. 21)

2 _
g = A bk t G, . (34)

As was the case for photoconductive detectors (Eqn. 23) the noise can
be written as

2 .22
Lysn=8C 1T° 1 . (35)

combining these equations, the total noise current is

11
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In order to minimize the noise it 1s necessary to minimize
the diode voltage and current and the leakage conductance.

It is possible to write the signel - to - noise ratio as was
done for the photovoltaic case, but this does not lead to andlytical
simplification., Consideration of both signal and noise jrdicates that
operation near V = 0 is desiraeble. Experimentally the V = O condition
is produced either by applying a slight reverse bias to offset the bias
produced by the background radiestion, or by using an operationsl ampli-

fier to synthesize a low input impedance current-sensitive amplifier;
the former method was used in our experimentse.

The radiatlon-dependent parameters for photovoltaic detectors
are the quantum efficlency 7 (A), the reverse saturation cwrrent I ,
the shunt conductance G; , and, possibly, the parameter 8. 7 (A)
end Ig are radiation-dependent as a result of radiation-induced varia-
tions in the minority carrier giffusion lengths. The leakage conduc+

tance, Gj , may be radiation-dependent as a result of radiation-
induced surface changes.

GENERAL EXPERIMENTAL CONDITIONS

Determination of Detector Figures of Merit

The determination of the noise equivalent power (NEP) and the
black body detectivity (Df,) for both PbS and InSb detectors was
carried out using equipment shown schematically in Fig. $

1l
R
WAVE
Ny |
=~ ~ A~ ALYZER —RECORDER
BLACK A
BIAS

80DY

Fig. 5 Block dlagram of detector evaluation apparatus

Radiastion from a 500°K black bodyxh) is chopped by a variable
speed chopper (2 Hz to 5 kHz)(15) before falling on the detectoz. The
photosignal and noise are amplified by a low noise preamplifier 6) and
the rms voltage is determined by a wave snalyzer with a 1 Hz band-
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width (7). For greater accurscy in determining the noise level the rms
noise voltage was displayed on & strip chavt recorder and averaged over
several minutes. In this way the signal (S) end noise (N) were measured
as a function of current, chopping frequency, and neutiron fluence.

From these measuremenis the bleck body detectivity was ob-
tained from the following relation:

DYy = % 3D A=, (37)

vhere LP,, is the rms value of the Fouricr component of the chopped
rediant power at the chopping frequency.

Neutron Sources

Two prineipal neutron sources were used: & commercially
available neutron generator and the NRL cyclotron.

The commercial s~urce makes use of 8 deuterium-tritium reaction

produced by bombarding a tritisted titanium target with 180 kev deuterons.
The reaction is:

H2 + 33 - Heh + n1 + 17.6 MeV. (38)

This source is capsble of producing a usable flux of ebout 1.6 X ]O1

neutrons sec~l steradien-l whose energy distribution is sharply pesaked
at 14.2 MeV. Irradistions to a totel fluence of 9.2 X 1012 n em~2 nhave
been made using this source.

Neutrons are produced in the NRL cyclotror facility when a
beryllium target is bombarded with 35 MeV deuterons. A flux of 5 X 101
n sec-l ster-l is evailable. The energy distribution, as determined
from time-of-flight messurements, is & broad pesk centered at about 16
MeV with only & small rumber of neutrons with energies less then 1 MeV
or greater then 30 MeV. See Fig. 6. Fig. 7 shows the snguler distri-
bution of neutrons near the forward direction. Gamme rays account for
only 5% of the total emitted energy. Since the cyclotron source is far

more intense then the deutﬁrium-tritium source, the former was used to
produce fluences up to 10% n em”

n

Overlap of data between the two sources indicetes that both
neutron sources are sbout equelly effective in causing damage to PbS
detectors. Both sources have the highly sdvantageous property of being
virtually free of other types of unwanted radlations such as v rays.

RESULTS FOR LEAD SULFIDF DETECTORS

Measurements were performed on eleven "Infratron" PbS photo-
conductors procured from Infrered Induetries, Inc., Waltham, Mass.,
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Fig. 6 - Energy distribution of neutrons from NRL cyclotron facility.
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which had gominal room temperature detectivities (D%y,) of about 7x108
cmHz= watt™ . The construction of these detectors 1s shown in Fig. g

.008=.001 ~

N — WINDOW (QUARTZ)

005 STRANDED INSULATED WIRE
- GOLD ELECTRODE
—- PbS

-— SUBSTRATE (QUARTZ)
——LEAD GROOVE

Fig. 8 Lead gulfide detector construction
The sensitive area was 20 mils square for all detectors.

The detectors were liradiasted at room temperature aand mea-
sured after 8 delay of from several hours to a day. The damage ob-
served 1s therefore relatively permanent,

In Fig. 9 the freguency dependence of signal and noise for a
typical PbS detector in the constant current mode is plotted both before
and after irradiation by 1013 n cm=2, Both signal and noise decreased
after irradistion. The flat (or white) region extending from about
40 Hz to about 200Hz mekes it appear that generation-recombination noise
is dominant in that region. But as we will later see this is not the
case.

The current dependence of signal and noise in the same de-
tactor is shown in Fig.l0 st a frequency of 100 Hz (wuich lies well
within the white noise region). Again both signal and noise fall after
irradiation by 1013 n/em2,

Fig. 1l shows the radiation dependence of signel, noise, and
s/N for neutron fluences up to 0L} / em@ in the constant mode. (In
the constant voltage mode “hese quantities exhibit qualitively the
same behavior.) The curves are composites of several detectors ex-
posed to neutrons from both sources. Wnile the signal shows a monotonic
decrease with fluence, the noise exhibits a maximum (and, therefore,
S/¥ 2 minimum) near 2 X 1013 n/cm@. The threshold fluence for cbser-
vation of damage is about 2 X 1012 n/em?2.

The maximum signal-to-noise ratio varies congiderably from
sample to sample. The largest signal-to-noise ratio measured (corres-
ponding to the largest detectivity) was found in sample No. 11 at a
chopping frequencz of 100 Hz (within the G.R. goise region). The
detectivity was Djy (500°K, 100, 1) = 7.2 X 109 cm Hz: watts~l. In
order to convert Dpp to Di¥max ve can use a conversion factor which is

typically about 100 for PbS at 300°K. This results in thax = T2 X

15
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10'° cm Hzé watts'l, vhich is within the range specified by the manu-

facturer. The detector resistance was essentially unchanged during
irradistion.

COIICLUSIONS

Iong term effects (of the order of 24 hours and longer) of
high energy neutrons on lead sulfide infrared detectors have been ob-
served. Degradation of detector performance was observed for a fluence
in excess of about 2 X 1012 neutrons ¢m=2. This result contrests with
earlier studies using thermal neutrons from a reactor 8) in which
degradation appeared only after exposure to greater then 1014 neutrons
em~2, These results indicate that the thermal neutrons used in the
earlier study were about two orders of magnitude less effective then
14 MeV neutrons in producing damage in lead sulfide.

The effects to be expected from bombardment with somewhat
lower energy neutrons can be predicted using the 14 MeV damage data end
approximate scaling factors.

Annerling studiex on these detectors have not been conducted,
but future meagurements will determine the effects of storage et room
temperature over a period of several months. Irrediation and evalua-
tion of photovolteic indium sntimonide snd indium ersenide detectors

gre underwey. The results of these studies will appear in & future
report.
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