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PREFACE

This is the final Technical Report under NASA-Goddard Contract
NAS5-21646. The specific design objectives for the mercury,
cadmium telluride (Hg,Cd)Te-detectors were as follows:
1) Spe7ific detectivity,-D*x , greater than 4 x lO11 cm
Hzl/2/watt. P

2) Operating temperature greater than 240 °K.
3. Detective time constant less than 10 ps.

The required 1.5 to'2.4 um region is divided into two bands, Band

1 for detectors which respond to radiation in the 1.55 to 1.75 um
interval, Band 2 for detectors which respond in the 2.08 to 2.35 um
interval. Of the four final detectors shipped, W1 and W2 are in
Band 1 and W3 and W4 are in Band 2. W2 has the highest specific
detectivity at 240 °K, with

3 1/

D‘k7\p (ap = 1.7 pm, 107, 6) = 6.5 x 1011 cm Hz 2/watt

The detectivity for all the detectors increased rapidly with
decrease in temperature to 200 °K. The work effort under this
study resulted in the production of high performance 1.5 to 2.4
micrometer mercury cadmium telluride infrared photodetectors for
operating at 240 °K or above.

Each of the four shipped detectors has a detective time constant
. less than 5 ps, which well surpassed the specification.

Near infrared photoconductive (Hg,Cd)Te detectors have been shown
to have very high performance due to minority carrier trapping.

An empirical model for trapping in (Hg,Cd)Te is presented. This
shows an understanding of the effects of photoconductive trapping
in (Hg,Cd)Te. Further effort is required to understand the mech-
anism behind this effect and to control it an alternative approach
is presented with the use of photovoltaic (Hg,Cd)Te.
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SECTION 1
INTRODUCTION

This is the final Technical Report under NASA/Goddard Contract
NAS5-21646. The work effort under this resulted in the production
of high performance 1.5 to 2.4 pym (Hg,Cd)Te photodetectors for
operating at 240 °K or above.

The specific design objectives and data requirements for the

(Hg ,Cd)Te detectors were as follows:

1. pec1f}§ detectivity, D* greater than 4 x 10ll
cm Hz"/ “/watt.

2. Operating temperature greater than 240 °K
3. Detective time constant less than 10 microseconds.
In addition, measurements were made of:

1. D*, vs wavelength at 240 °K.

2. D‘k?\p vs detector temperature.

3. R)\p vs detector temperature.

4, D?’f?\p vs chopping frequency at optimum bias at 240 °K.

5. R*xp vs chopping frequency at optimum bias at 240 °K.

6. Noise spectrum at optimum bias at 240 °K.

In order to reach the design goals for the 1.5 to 2.4 pym (Hg,Cd)Te
photodetectors, we have concentrated on relatively large bandgap
material, i.e. E . greater than 0.53 eV, in which the signal and
response time c&%stant exhibit a temperature and background
radiation dependence, which are generally attributed to minority
carrier trapping. We have demonstrated that the classical single-
level trapping model is not adequate to explain the details of the
temperature and background dependent results observed in (Hg,Cd)Te.
A tirapping model was developed during the course of this program
which postulates a continuum of levels with an exponential distribu-
tion of occupied sites in the bandgap. The results calculated
from this model provide.. reasonably good agreement with our
experimental data. An alternative approach using pv (Hg,Cd)Te is
‘considered in comparison with ghﬁ_trapping mode photoconductive



detectors. All this is presented in Section 2 of this report.

The program was divided into the following procedures:

L)

2)

3)

4)

5)

6)

7)

A theoretical calculation of device performance was made
and the bulk parameter (n value) were optimized for
operation at 240 °K.

An (Hg,Cd)Te ingot with the desired properties was grown
and characterized.

Detectors were fabricated and tested at 232 °K.

If the measured detectivity falls within a specified
range of design goal, then the spectral response is
determined.

The best detectors were tested at different temperature
for temperaturesbracketing 240 °K.

Those detectors which have passed the critical spectral
and temperature requirements were tested to give data on
noise spectra, response time, Tpc, and the detective time
constant T, . -

The four best detectors, two in each band, were selected,

retested and packaged. These were shipped with a data
package for each.
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SECTION 2
TECHNICAL DISCUSSION

The technical discussion is divided into four major sections:
material properties of (Hg,Cd)Te, theoretical study, measurement
techniques and detector characteristics.

(Hg,Cd)Te is a variable bandgap semiconductor material which can be
grown to meet a specific cutoff wavelength at the operating tempera-
ture desired. The first part of this chapter discusses the major
material consideration in designing detectors which meet the pro-
gram goals.

During the course of this program, emphasis was placed on obtaining
the theoretical limit for predicting high performance near infrared
(Hg,Cd)Te photodetectors n elevated temperature region and the
understanding of the controlling mechanism for the behavior of near
infrared (NIR) photodetectors as a function of temperature, back-
ground, photon flux, and wavelength. These subjects will be discussed
in Section 2.2. The present approach is empirical, based on
extensive and detailed data. Thus, measurement techniques, which
played an important role, will be discussed in Section 2.3. A _
thorough description of the characteristics of the final detectors
shipped will be found in Section 2.4. '

2.1 MATERIAL PROPERTY OF (Hg,Cd)Te

Materials in the alloy system Hg; _ Cd Te have energy gaps which
are continuously variable from O to 1.6 eV. The temperature and
compositional dependence of the energy. gap have been determined
by measuring the cutoff wavelengths of detectors of different
compositions at a number of different temperatures.

The cutoff wavelength was defined as the wavelength at which res-
ponse was one-half peak value.
from

b= 1.24 (2.1)
g A

co

where Eg is in electron volts when A is in micrometers.
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Figure 2.1 is a plot of E_versus T obtained from data on eight

- detectors of different x-%alues. Note that the energy gap appears
to be an almost linear function of temperature. The following
empirical expression was derived to describe the temperature and
composition dependence of the energy gap.

4 T (1-2.08 x) + 0.327 x3

(2.2)

Eg = 1.59 x -0.25 + 5.23 x 10~

The data of Figure 2.1 are presented in Figure 2.2 and compared
with values calculated from equation 2.2. The values of x were
adjusted by a small amount as indicated to provide a better fit.

Figure 2.3 is a plot of equation 2.2 suitable for quick interpola-
tion. For example, a 2.35 um detector requires an energy gap of
0.528 eV, which can be obtained at 240 °K from material with an
x-value of approximately 0.45.
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2.2 THEORETICAL STUDY
2.2.1 Radiative Limits

Under the conditions where the detector noise is not dominated

by Johnson noise, detectivities limited by fluctuations in the
generation recombination mechanism can be obtained. Such fluctua-
tions are due primarily to either photons from the background
(BLIP condition) or, in the caseof thermal equilibrium, due to

the lattice generated carriers. We can derive the various theore-
tical generation recombination limits for (Hg,Cd)Te photoconduc-
tors by considering the general case of dynamic equilibrium.

To simplify the analysis, we will consider only that the case
where the dominant recombination mechanism is radiative. - Under
these conditions, the g-r noise voltage may be written as

= 1/2 1/2
21 1/2 _ 2 Vo 7 AE np .1/2 :
Vg‘r - 1/2 (n + p) (2.3)
n(L w d) ‘
and the detectivity
2 he d-/° (2
n+p

where /S is the applied dc bias, and d is the device thickness.
The condition of dynamic equilibrium states:
T generation rates = T recombination rates

Therefore,

+n£Q£=(—EP———)% 2.5)

ng Q n-+rp

S B
where Q, is the effective generation term and nz is the effective

quantum efficiency for this process. Let us now analyze
equation 2.5 for the conditions where

Ng QB >>n, Qz and n, Q, >> ng Qp
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2.2.1.1 D¥pr1p

In the background limit case, ng Qz > n, Q,. Then n = n, + fn
and P =PpPp + M implies that An = E Qg T n/é and

. 1/2
= 1 / A
2 hc\/QB
Equation 2.6 describes the upper detectivity limit for a photo-

conductor for any given background temperature and device cutoff
wavelength.

lim D N D ABLIP

Q > Q, (2.6)

+
2.2.1.2 D 2

In the internal limited case, né Qé >> Ng QB' Since we have
ia

assumed that the lifetime is ra ive.
nixT
: + = rad
lim D A 1/2 , Do Po ,1/2 (2.7)
2 he d (——)
n, + P,
T 2 Trad

But the radiative lifetime may be written as

n
OPO

rad (nO + po) Gy

. (2.8)

i = ng Py is the intrinsic free-carrier concentration and
Gr is the rate of spontaneous recombination in the material.

where n-2

Substituting equation 2.8 into 2.7 yields,

n A,
1/2

D+ 173 (2.9)

A 2 hed G:

r

D+ 1is a most useful concept because it establishes the highest
practically achievable detectivity in a photoconductor as a func-
tion of very fundamental material constants. In particular,
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G, = 2.52 x 1011 ¢ 2 Tger> | 2 o(c) exp(-¢) de (2.10)
%

where € ,= E,,,/k Tgar, ri 1s the material indix of refraction,
a is the absorption coefficient, and Egap the band gap and ¢ =
E/k T the variable of integration.

Figure 2.4 describes D*BglP’ D+A in (Hg,Cd)Te for the condition

2.2,1.3 D f* vs D+A f*

*
BLIP
The development and optimization of near infrared (Hg,Cd)Te
photodetector for this program requires very high detectivities
and wide electrical bandwidth capabilities. For this reason,
it is convenient to define a parameter which will quickly describe
the detective bandwidth capability for a given detector. This
parameter is defined as the detectivity f* bandwidth product, or

in short, D*f* product. 1In the following, we are going to show
that the relation D#*ppyp £* = DF, f* holds,

The time dependent detectivity is

R VA, - Af
. = o det
D¥, = 5 (2.11)
gr
2 o\1/2. 2, %o 2 2.1/2
(L™ 7 27 IV 2 2 + VTV ]
PC

A constant low frequency value D*XO can be written as

R VA, Af
D* o = T3 > det, 7177 (2.12)
v, + vgro LA A

Looking for the frequency where D%, is 1/V2 timesD%,,, it leads to

2 2 2 2 . 2, _ ., 2 2 )
w T (Vj + Va + Vl/f ) =V.” +V + Va + Vv

2
(2.13)
pc j 8T,

1/f
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The frequency at which this occurs is defined as f*, Thus, a
detective time constant can be defined

*
Tdet = 1/wx = 1/2 ¢ £ . (2.14)
Examining 2.13 and using 2.14 yields
2 2 2
2 _ 1 _, 2 Vg *Va *Vyye)
Tdet T2 Tee o 2.2,y Z4y 0 (2.15)
8=, j a 1/£
' 2 2 2 2
\Y 2 > V 2 + Vv 2 then 2.15 be s
v 2
2 2 i
Tdet ~ Tpc ; 5 A (2.16)
g-r,

V- =4kT rd N (2.17a)
J
2 _
4 v 7 Af
vt =R BBy (2.17b)
8%o n (£ wad) p
2 2
diss = E” 2 /rd (2.17¢)

For background limited case, combining equations 2.15, 2.16 and
2,17 _

1/2

k T w
T = nd ( ) (2.18)
det n QB Pdiss
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Solving for f*

n
£% = 1 _ 1 ( QB Pdiss)1/2 (2.19)
2 7 Tdet 2 7 nd k T w
Thus, 1/2
br Ew m X Paiss
BLIP (2.20)

4 mhend (k T zw)172

For internal noise limited case, we assume the mdiative life time.
Combining equations 2.15 2,16, 2.17 and radiative life time
equation 2.18,

2 _ kT n2 fwd

r (2.21)
det Pdiss G,

Solving for f¥*,

£ = ﬂl e (kpgizsdcr)l/z (2.22)

Tdet m A
For internal limited case, the D+Xf* product would be -
1/2
D+ £* = " Pdiss (2.23)
A 4 7 he nd (k T 2w)l/2 ‘

Comparing with equation 2.20, we found that

D*pp1p \

2.2.1.4 Theoretical Limit of Detectivity of an NIR (Hg,Cd)Te
Detector at Elevated Operating Temperature
A calculation of theoretical limits DY and D*j;1p of an NIR

(Hg,Cd)Te photoconductors at 240 °K with 300 °K background is
shown in Figure 2.5. We found that the background limited detec-
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tivity D*p;1p, is nearly equal to the internal noise limited
detectivity D"y, Decreasing the background will only shift D¥*p1p
up and Tt 1limit will prevail with little improvement. In another
words, the detector performance will not improve by a reduced
field of view. On the other hand, increasing background level

by externally applied radiation will lower D*p;1p and reduce the

- detector performance. These assertions were experimentally veri-
fied. The detectivity is measured as a function of background
photon flux furnished by a 0.9 um light emitting diode. The
detectivity decreases with externally applied background. However,
as the background is reduced, the detectivity seems to approach

a limit as expected, as shown in Figure 2.6.

2.2, * i i
2.2 D BB Derivation

The detectivity can be defined as:

Dl\ — ——
P
Where: A = Sensitive area of the detector, in square centimeters,
Af = Frequency bandwidth of the noise measuring circuit

in Hertz

S/N = Signal to noise ratio of the detector

P = Input signal power

The. input power is:

¢ .
.. ABB A
= —=—
d
Where : ABB = Area of blackbody aperture in square centimeters
¢ = Flux density of the emitted irradiance in volts
per square centimeter of blackbody aperture area
d = Distance between blackbody & incident plans of

detector

Calculation of flux density, ¢, is as follows:

4 4
b - o (epp Tpg =€ To )

("Cl)
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Where: o = Stefan Boltzman constant = 5.6686 x 10-12 Watts
em=2 °g-4 '
egg = Blackbody emissivity

Tpgg = Blackbody temperature

€. = Chopper blade emissivity

TC = Chopper blade temperature

cy = rms factor for chopper and blackbody aperture
m = 3.1416

The input power is:
4 4

p o Cepp Tpp "€c T ) App A
BB 2
d’ (mcy)
% iQ:
D BB is:
2 .2
(26? &% (ne)) s/
D* = :
BB 4 4, ,1/2
0 (egp Tgg =€ T ) A7 Apy
Where: k = Experimentally determined correction factor for

Hewlet Packard wave analyzer noise readings = 1.12

The rms chopping factor for an 80-blade chopper and 0.0125 inch
diameter operation is 2.24, Thus combining constants and neglect-
ing the (ec T.') terms.

/ 2

S 1.10 x 1022 ()2 /N 4
BB 4 1/2
g Igg A App

D*
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2.2.3 Trapping Model

During the course of this program, from the classical single level
trap model presented by Fan in 1954, a new continuum model of trap-
ping photoconductivity was developed, which yields results in ess-
ential agreement with experimently Observed effects of temperature
and background flux on responsivity and response time of a near
infrared (Hg,Cd)Te photodetector. A steady state, as well as time
dependent, solutions for this model are discussed below.

2.2.3.1 Background

Semiconductors are known to possess localized sites which are cap-
able of capturing and emitting carriers. These electronic states,
which occur at imperfections in the crystal, are commonly referred
to as ''traps''. It has been recognized for some time that there
are two mechanisms by which traps influence photoconductive gain.
Either they provide the mechanism for recombination of electrons
and holes or they act directly as capture sites for carriers.

The effect of traps on carrier recombination was derived by Shock-
ley and Read (Phys. Rev. 87, 835 (1952). 1In the "Shockley-Read"
mode, electrons (holes) which are captured by traps, rapidly com-
bine with holes (electrons) in the valence (conduction) band.

Since recombination occurs in two steps, transition probabilities
are much greater. At lower temperatures, recombination via traps
becomes important, and Shockley-Read recombination becomes the con-
trolling factor in determining lifetimes and therefore photocon-
ductive gain.

On the other hand, recombination times can become longer than times
required for interchanges between trapped carriers and the nearest
allowed band. Then a different mechanism for photoconductive gain
arises because carriers are prohibited from moving freely through
the material. Modern terminology generally reserves the name 'trap"
and "trapping' when this mechanism predominates, and uses the terms
"recombination center' to refer to the Shockley-Read mechanism.

In this section we are concerned mainly with the action of traps

as sites for carrier immobilization. Subsequently the terminology
"Trap and Trapping" will refer only to this mode of operation.

The effect of traps on intrinsic photoconductivity in semiconduct-
ors was published by Fan in 1954 in a classic paper (H. Y. Fan,
Phys. Rev. 92, 1424 (1954) which determined the basic approach to
the analysis of trap behavior. Traps were considered to be simply

2-16



states which can either capture or emit electrons (and, of course;
holes), and equations were derived for contributions of trapped
carriers to both steady state and transient photoconductivity.

Fan's theory, and the many similar analyses that have subsequently
appeared, have had much success in explaining observed temperature
dependences. However, theories based on such models always pre-
dict that traps saturate rather abruptly. 1In contrast to the ex-
perimental results, photoconductivity is predicted to decrease
sharply with increasing background and decreasing temperature.
Nevertheless, traps must be considered. It is difficult to explain
many features of low temperature, low background photoconductivity
without invoking some type of trapping mechanism. The large photo-
conductive gains, as well as observed background, temperature, and
time dependent effects, all points in this direction.

Since the simple trapping model pioneered by Fan proves to be in-
adequate, there are two approaches that can be taken in order to
understand observed material behavior. For example, one might
consider more complex models of traps, for which trap occupation
could depend on illumination intensity in some new unexplained
fashion. On the other hand, the simplicity and physical reason-
ableness of Fan's model can lead one to look for extensions and/
or improvement. We take the latter approach here.

In this section we begin with the simple theory, relate it to trap
behavior in general, and then show how the new model evolves nat-
urally thereform.

2.2.3.2 Simple Trap Model-Fan's Theory
a) The Basic Model - Traps at Energy Et

The basic model, which includes all manifestations of trap behav-
ior in semiconductors, is illustrated in Figure 2.7. Electrons
combine with and are excited from trap states with density N loc-
ated at an energy E. above the valence band. Excitation rates
are proportional to the product of carrier density and available
sites multiplied by rate constants. R¢. and Ry, are excitation
rates (per unit volume) of electrons from trap to conduction band
and from trap to valence band. R, and R,  represent excitation
rates per unit volume of electrons from conguction band and from
valence band to the trap level. Excitation constants to conduct-
ion and valence band are given by r, and r,, respectively. G is
the generation rate (per unit volume) of counduction band electrons

2-17
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with valence band holes, and 7 is the recombination time constant.
The density of occupied (with electrons) traps is given by nt.

The quantities P{ and nj are essentially rate probabilities for
excitation over energy barriers E¢ and Eg-E¢, where N; and N, are

the densities of states in conduction and valence band, respect-
ively. The net effect of illumination, as illustrated in Table
2.1 is to generate excess carriers of three types. Since trapp-
ing lifetimes can be long, Ap, can be much larger than Ap. Since
charge neutrality requires one electron for each trapped hole as
well as for each free hole, large photoconductive gain enhancement
can be obtained by trapping of holes.

Because here we are interested in intrinsic photoconductors, Fig-
ures 2.7 and Table 2.1 have been chosen to consider optical excita-
tion only from valence to conduction band. It is interesting to note
the generality of the model since extrinsic photoconduction can

be included merely by adding generation terms from trap levels

to conduction bands.

In general, 7 depends on n and p in a rather complex but well known
fashion. If recombination proceeds via recombination trap states,
Shockley-Read statistics will apply.

The equations which determine the excitations of carriers referred
to in Figure 2.7 are:

dp/dt = G-R = G - p/T + dn_/dt (2.24)
dn /dt =R - R+ R, - R, (2.25)

Now,-let n = An + n_, and p = &p + p_ , where n  and p_  are the
electron and hole concentrations witg no illumination present.
Then for n-type extrinsic material at sufficiently low temperat-
ures,

An<< n and Ap >> Py (2.26)

The rate equation for trapped holes with N. trapping sites becomes:

e (R A RN B (YT N IEN SNCED

v
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We now concentrate on hole traps which have transition probabil-
ities to conduction band much smaller than those to valence bands,
as postulated by Fan. Thus rc/rV << 1, and equation 2.27 becomes:

C t

dt a " v P (Nt-nt) L Ap n (2.28)

t
where P (= Nt-nt) is the concentration of trapped holes.

The elimination of terms in r_, states simply that one considers
traps which interact only with the valence band. Since there is

no excitation to the conduction band, and since p, << Ap, the traps
will be filled with electrons (empty of holes) in the absence of
illumination. Therefore, we can identify Apt with Py

b) The Steady State Solution

In the steady state, all time rates can be set to zero, and one
obtains from equations 2.24 and 2.28:

Ap = Gr = (n7/d) Q, (2.29)
Nt Ap
Apt= EI—;—KE— (2.30)

Equation 2.30 shows that for small excitation intensities (small
Q gives small Ap from 2.29) Ap_ is proportional to Q. As Q (and
Ap ) increases beyond p,, the Erapped holes saturate to the value
N_, and Ap, becomes independent of excitation. Using the express-
ions for An, p,, and Ap, from Figure 2.7, Table 2.1 and equation
2.29, the exceSs electrons can be written as follows:

_ _11Q -E_/KT _ 11 4 -1
An = Ap + Ap_ = 1 [1+Nt(Nve e+ 15 Q ](2.31)

The small signal solution can be readily obtained from equation
2.31 by taking 3An/3Q when AQ << Qg, the background photon flux.
The small signal solution is illustrated in Figure 2.8 and Figure
2.9 , which show 3An/3Ap (the trapping photoconductive gain) as a
function of temperature and background, for long wavelength (small
Ea) and short wavelength (large Ea) material. The parameters shown
in Figures 2.8 and 2.9 were chosen to provide maximum responsiv-
ity near observed values.
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Table 2.1

Three species develop with illumination

Excess Holes Ap
Excess Electrons An

Excess Trapped Holes Apt
Charge Conservation
An= Ap + Apt

Trap Photoconductive Gain

_ An _ AP,

G = = —_—
pc Ap L+ Ap

The areas of agreement and disagreement of Fan's simple trap theory
are illustrated by comparison with experimental responsivities such
as those shown in Figure 2.10. As temperature decreases, until

trap saturation becomes appreciable, the observed exponential temp-
erature dependence is predicted by the theory. But experimental
responsivities reach a plateau at lower temperatures, whereas theo- "
retical signals decrease rapidly as the traps become saturated.
Thus, a different theory is required.

The approach we take to explain the experimental results is sugg-
ested by the simplicity and physical reasonableness of Fan's theory,
as well as by the agreement with experiment at higher temperatures.
Let us consider equation 2.30. It states that Ap_ is linear in Ap
when Ap << pq, and when Ap > Py, trap saturation occurs. Only

in the. narrow range where Ap ~ py, is there appreciable nonlinear-
ity. Careful comparison with experimental results strongly sugg-
ests that in improving the theory, the objective should be to ex-
tend the range of non-linearity. We do this by postulating the
existence of traps at many energies, each of which contribute to
the total photoconductivity. The effect will be to extend trap
saturation with both background and temperature.
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2.2.3.3 The Continuum Trap Model
a) Uniform Continuum, General Solution

A multiplicity of trapping levels is assumed to extend throughout
the energy gap. All traps are considered to behave independently,
i.e., they interact only with the valence band and trap-to-trap
transitions are small.

The initial calculation, for convenience, assumes a uniform, con-
stant density continuum of levels extending from the valence band
edge up to a maximum energy, Ep, which will be near E_ /2. It
should be mentioned that we do not necessarily imply %hat no levels
exist above Ej, but merely that the operant levels for this prelim-
inary theoretical approach occur below E,. Using equation 2.30 we
obtain: o

E
m m

'N(E) Ap, (E) dE = NS — B8P g (2.32)

Ap
P1 + Ap

ct
]
oM w

]

E
m
=N S Ap dE
o Nv exp (-E/kT) + Ap

where N is the density of trap levels between E and E +dE, and
Api is the density of trapped holes due to traps at all energies.
This gives:

Nve'Em/kT + Ap
Apt = NEm + NkT log NV e (2.33)
Using the fact that NV >> Ap this becomes
= Ap
Bp, = NKT log [1 + P T ] , (2.34)
N e m
v
where from equation 2.29
Ap=G 7= (nQ/d) r. (2.35)
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Q is the radiation flux, m the quantum efficiency, d the detector
thickness and 7 the recombination lifetime (Note that 7 can also
be a function of temperature).

Finally, from equations 2.34, 2.35 and Table 2.1 we obtain for
the total photoconducitivity (due to recombination and trapping
effects):

- n1Q_ n 1 Q/d
An = 12 4 NKT log [1 + R owp (oED) ] (2.36)

b) Uniform Continuum, Small Signal Case

For signals much less than the background (Q << Q ) we use the
small signal solution of equation 2.36.

dfn - L (2.37)

d Q (1 + NkT NV exp (-Em/kT) + (n7/d) QB ]

It can be seen at once, that equation 2.37 has the qualitative
features of the experimental results. At high background and low
temperatures, the second term in the denominator predominates,

and the photoconductivity goes as Q -1 At 1low background and
high temperatures, the background dependence disappears and the
trapping contribution to photoconductivity decreases with temp-
erature and the activation energy E;,. The corner temperature

is approximately determined when the two terms in the denominator -
are equal:

N, exp (-Em/kT) = (nt/d) Q@ (2.38)

Thus, for the uniform density model in essential agreement with
experiment the corner temperature is proportional to the activ-
ation energy.

TC = Emk log [(d/nT) (NV/QB)] (2.39)

The physical behavior of this model can be understood by consid-
ering the energy Eg, which is called '"saturation level'. Traps
with energies above Eg are filled (with holes, i.e., emptied of
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electrons); those below are empty. Eg is estimated by equating
the two terms in the denominator of the integrand in 9.

N exp (-ES/kT) = (nr/d) Q ' (2.40)

For an energy range of kT about Eg, the traps are partly filled
(or "partly saturated").

The position of the saturating level, Eg is determined both by
temperature and flux. When the temperature decreases and/or Q
increases, E; will decrease. These effects are illustrated in
Figure 2.11 which shows the various states in the energy gap.

In this model, it is just the shifting up and down of Eg with

temperature and flux which causes the observed effects. Trapping
photoconductivity originates in changes in hole population and -
depopulation at Eg. 1In fact, it can be shown that in this case:

T 0 exp (+ ES/kT) | _ (2.41)

where 71+ is the small signal time constant. This means that lev-
els closer to the valence band are faster. Thus, as Eg decreases
due to higher background and/or lower temperature, 7. Wwill decrease.
The large signal case is more complex.because large changes in Q
will cause considerable movement of Eg, and no simple time const-
ant will be observed.

Important features of the small signal dependences of responsiv-
ity (R) and time constant (r) on temperature and background are
readily seen from this viewpoint. ES goes at T log (Q-1), i.e.,

N d
E_ = kT log ( (2.42)

When Eg > E» the maximum trap energy, then no traps are complet-
ely saturated and R increases exponentially with T-1, When Eg <
Fm, a plateau region occurs and R decreases with Q, thereby lower-
ing Eg to faster trap levels, thus decreasing r The improved
agreement with experiment is illustrated in Flgures 2.12 and 2.13
which plot 3An/3Ap from equation 2.37 for the same parameters used
to illustrate the single energy trap model in Figures 2.8 and 2.9,
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c) The Non-uniform Continuum

Comparison of Figures 2.8 and 2. 9 with 2.12 and 2.13 shows that
a quasi-continuum trap model is in essential agreement with the
important features of experimental data. We now turn our attent-
ion to bringing details of the model in closer agreement. Note
that equation 2.37 contains a linear term in kT in low temperat-
ure region, which predicts a gradual decrease in responsivity
with temperature, (as shown in Figures 2.12 and 2.13) whereas
observed responsivities are either constant (as shown in Figure
2.10) or slightly increase with decreasing temperature. More-
over, in the low temperature region, responsivities usually dec-
rease somewhat less rapidly with background than Q -l as predicted.
for a uniform continuum. Consideration of the Figures and equat-
ions 2.37 to 2.40 suggests that a distribution of traps more
highly concentrated near the valence band will bring the exper-
iment and theory in closer agreement. ‘

Thus, for the next step in improving the modeling, an exponeﬁtial
density of traps has been selected:

N (E) = N, exp (-E/Ex) (2.43)

Where: N (E) = density of trap states at energy E above the val-
ence band edge, and No = trap density at E = 0, the valence band
energy. Thus,

e
E) + A
pl() P

AFE'= NO

(2.44)

o “—

d) Determination of Em

The maximum energy of integration, E,, can be estimated when we
recognize that, as trap energy levels approach the conduction band,
the interaction rates increase exponentially with energy between
trap and conduction band. Thus, for sufficiently large E., traps
can be emptied of electrons (filled with holes) by excitation to -
the upper band, and thus are no longer available for occupation
due to optical excitation.

We now estimate the energy at which conduction band trap excitation
becomes large, and identify this energy as Em' Consider equation
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2.27 which contains all terms of single energy trap occupation.
Solving for P, we find

Ap + (r /r ) ny
£ t Ap + (r /r ) n, + Pq + (r /r )n

P, = N.-n (2.45)

The term (rc/rv) n] in the denominator is the excitation rate of
electrons from trap to conduction band. Now, the influence of
E, is significant only at higher temperatures, where Py >~ Ap.
Thus, when Et = E,, the upward excitation rate equals the down-
ward rate, and

(ro/xy) ny (B = py (B (2.46)

-where, as shown in Figure 2.8

-(E -E_)/KT )
n, = Nc e ( g t) » Py = NV e(-Et/kT) (2.47)
This gives for Em:
£, N, T, 1/2
Em =5 + kT log (ﬁ: ;:) (2.48)

Thus, E;, = 1/2 the energy gap plus a term of the order of several
kT. Although the term on the right hand side of 2.47 contains
the unknown material parameter r_/r _, the logarithmic dependence
shows that E_ will not depend strongly on the parameters, and one
may estimate, roughly

E
m

[
NLJH

+ 4KT (2.49)

Equation 2.49 agrees with the experimental findings that generally
activation energies are found to be slightly above E /2, as can

be seen, e.g., in Figure 2.10..

If warranted, the exact solution for Apt is avajlable from equation
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2.45 which contains all terms. The solution to the complete eq-
uation will, of course be more difficult, but in principle there
is no limitation to finding it, other than time and complexity.
As suggested by the excellent agreement between theory and exper-
iment, most systems of physical interest will be accessible to
approximate methods.

2.2.3.4 Time-Dependent Behavior
a) The General Approach

Essentially the same procedure is followed as in the steady state
solution, but the additional complexity of temporal variation is
included. That is, we begin with the basic equations for single
energy traps and obtain solutions under assumptions which have
proven applicable to the steady state. Then the solutions are
integrated over a continuum trap distribution.

For ease of treatment, and because good results were found for
the steady state, we begin with the uniform continuum.

b) Time Dependent Equation for Traps at Et

Time dependent occupation for traps at energy Et is given from-
equations 2.24 and 2.28:

dnt

-C—IE-= _éB — )

ac = © T e (2.50)
dnt

Ic =%, P Nt -, (Ap + pl) n | (2.51)

Thus, photocarriers are determined by two coupled differential
equations. The general solution is possible in principle but can
be quite complex. Moreover, there is the added complication that,
since a distribution of traps requires integration over ng,

the equations will take integro-differential form, because the
last term on the right hand side of 2.50 includes effects of all
trap levels. However, when trapping rates are much slower than
recombination rates, which usually occurs, much simpler and more
tractable forms of these equations can be obtained. Then the last
term on the right hand side of 2.50 can be neglected and we can
approximate:
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Ap Z G (t) T, (2.52)

where G (t) includes the time dependence of the illumination.
Equation 2.52 is the mathematical statement that, because of rapid
recombination, the excess hole concentration adiabatically foll-
ows the time variation of illumination. It is applicable when
dG/dt << 7'1, which includes the magnitude of time variation of
interest here. Furthermore, the range or validity for using equ-
ation 2.52 for Ap to determine Apg, can be determined by placing
the expression in 2.51 and iterating back to 2.50 with dn./dt small.
When this is done, this approach is valid.

r.V Nt r<<1 (a)

(2.53)
r N7 pl/Ap <1 (b)

Consistent with the initial assumption, 2.53a states that recom-
bination rates are much faster than trapping rates. Equation
2.53b provides the further requirement that Ap be not very much
smaller than p,--at very low backgrounds, the approximation can-’

not be used. hus, except in this case, we can write for equat-
ion 2.51: '

dnt

5 t £, e (AP (1) + P;) =1 P N, . (2.54)

The form of this equation, with y = n_, is:

dy =
gt T F(t) v = K, (2.55)
where
rv nr
F(t) = r_ (AM(E) + pp) = —g— [Q(E) + Q) + ¥ p;  (2.56)
K=r N: p. =N e Ee/KT (2.57)
v P1 Y¢* P1 v

Equation 2.55 has the well-known form of a linear differential
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equation with variable coefficient. The value of y is determined
at any time for any given input F(t). The illumination is includ-
ed in F(t), where, as shown in equation 2.56, the photon flux is
separated into a dc background term and a time dependent term.
Now, although some difficulties may be involved, the solution can
be obtained for any input (remember1n§ that it must be consistent
with the requirement that dQ/dt << 7°%), At present, we have ob-
tained solutions for two simple but useful forms of input:

¢) Transient Response

The general solution for the linear differential equation is:

y = K exp (~u(t)) [dt' exp (u(t')) + c exp (-u(t)) (2.58)

where ¢ is a constant to be determined by toundary conditions and
where

u(t) = dt' F(t').

For the transient solution, we assume that a steady state has been
reached, with Ap = Ap;. Then at t = 0, the illumination intensity
is suddenly changed (either increased or decreased) from Ap; to
Apf, as illustrated in Figure 2.14. - Using equations 2.54 to

2.57, the solution is: ‘

¥+ pl]

1 1 - <
n_=p, N <: + - (2.59)
t 1 7t 4pe + Py [Api-+ Py Apf

exp [ T, t (Apf + pl)]}-

Once more beginning with the uniform continuum, we let N (E)dE =
v d E, where v is a constant, and obtain:

1 1
"ot _ ydveP (8 + v) + X Bdwv
vk T § v (v + v) v v (B+ v) -
'm (2.60)
1 8dv —p(B + v)
-Q' v (B + V)
m
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B = Apf/ltlVt 7 = Api(Nv, p=r N t o (2.61)
v = exp (-E/kT), fm = exp (-Em/KkT)
After some manipulation, the solution for Ap =N_-n is
given by: ’ tot t tot

- B
Ap, . = vkT {1og (1 + vm) +E, (p[B+v]

. (2.62)
- exp (-p [B-7]) Eq (o [v + Vm])}
where El'(z) is the exponential integral
© e_t
E, (2) = "i_t— dt | (2.63)

which is tabulated, e.g., in "Handbook of Mathematical Functions'
by Abramowitz and Stegun, National Bureau of Standards Applied
Mathematics Series 1964. Thus, using equation 2.62 transient
responsivity is determined as a function of Qi’ Qf and time.

At present, we are investigating the functional behavior of equ-
ation 2.61 in relation to experiment, and are developing conven-
ient analytical expressions. Preliminary results appear to fit
the experimental behavior.

d) Response to ac Input

We wish to obtain the solution of equation 2.55 with F(t) given
by F + Fq sin wt. This can be done by using the general form,
2.58. It is perhaps more illustrative to obtain the small sig-
" nal solution by making a Fourier series expansion in equation.
The input now has a dc component and a periodic component.
Ap= Apy + Ap_ elwt (2.64)

therefore

iwt 2.65
F(t) = Ap + Py = AQB-+ p; + Apo e’ ( )
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where ApB is the hole concentration due to the background. Then
we expand

Lag inwt
nt=Xa e (2.66)

=00

Placing 2.64 and 2.66 in 2.54 we find that the following Fourier
expansion must be satisfied:

[

inwt .
Z e {an [ inw+ r (ApB + pl)] + r, Apo an-l}

v
- T, Py Nt = 0 (2.67)

Equating each term in the expansion to zero, we find

Lo Ne o A e
o ApB+p1 ApB+p1 (a)
-r Ap a

v o n-1 :
a = - (b) (2.68)
n inw + r, (ApB + pl)

-r Ap a
a v o) n-1 (c)

-n -inw + r, (ApB + pl)

If the Fourier expansion approach is valid, then the higher order
terms will decrease in amplitude (except in the large signal case,
to which this method is inapplicable). Thus, the second term on
the right hand side of 2.68a can be neglected, both because Ap
may be small and because a_; will be moderately small. Moreov%r,
note that the positive order coefficients are determined in rel-
ation to lower orders, whereas the opposite occurs for the neg-
ative coefficients. Thus, again for small or medium signals, the
dc solution is given by ay> and we can neglect the negative order
coefficients. Then,

. P N
o A @
_ Yy Ap, &,
~ (b) (2.69)

iw + rV (ApB + pl)
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The amplitude of the fundamental frequency solution is given by
a,- Higher harmonics can be obtained from 2.68 if desired.

The amplitude of the fundamental is obtained by integrating a

over all traps. For the uniform continuum, using Apt =N - nt
Em Nve—E/kT dE
Ap w A, = v f’ ; -
tot 1 n7Q -E/kT . n7Q -E/KkT
°© [ d + NVe + 1w/rv] [ d + Nve ]
‘ (2.70)
After some manipulation, this becomes: .
A% vkT ‘
A1=-i-w/—rv—-—10g[1+1ms], (2.71)
where
= Tr ]t [ZR+ ne " /kT'-] B 2.72
e = [r] g ¥ e (2.72)

Eliminating the phase factor, we obtain the frequency dependence
of the amplitude of the fundamental component of the responsivity,
R (w): ' :

1 ) )] 2 1/2
R (a tan” " (“"’s)] 1 [1og (1 + (wr) )]
R (o) ={ [ (w'rs) g (wr )2 } (2.73)

Equation 2.73 predicts a slow decrease in R (w)/R (o) with w, it
can be seen by the ratioc R(1/r R(0) = 0.867. There is no simple
time constant, and the falloff is much less abrupt than the 6 dB
per octave expected for a single time constant. The quantity

Ts given in equation 2.72, determines the rate behavior. :
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2.2.3.5 Derivation of the Small Signal, Low Frequency Responsivity
from the Single Trap Model

From Section 2.2.3.2 the fundamental results of applicability to .
the derivation to follow are summarized below. We found the
following relationships to hold for minority carrier trapping at

a single level in an n-type semiconductor. Under steady state
conditions. Shockley-Read combination is the assumed mechanism by
which holes and electrons eventually recombine.

& = fp + Mo (2.74)
HL & _

Mo, = % ¥ P, (Ea) (2.75)

M= M (1 +_Ap Thy (Ea)] (2.76)
n r Q

p = —SR ' (2.77)

d
Py (Ea) = N exp (-Ea/kT)- (2.78)

In order to derive the responsivity we start with the general de-
finition which does not assume anything about the magnitude of
the signal voltage Vg4 that results from an optical signal power

H AS incident on the sample.
Vsi
R = =& : (2.79)
AS H :

For the small signal responsivity, we recognize that it is the
limit of the above expression as V_._and H go to zero. This is
just the derivative. Hence for the Small signal responsivity:

po L 2 Vsig 2
a AS 3 Q d

Q
T (2.80)

The formula for the signal voltage was:

v, =g, ® (2.81)
sig n_
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Substituting Equation 2.81 into Equation 2.80 and carrying out the
differentiation of Q with respect to H from the well known relation-
ship we obtain:

_MNE g d4n

A hc AS o 3Q

R (2.82)

Differentiation of An with respect to Q gives Equation 2.83 which
when substituted into Equation 2.84 gives the desired expression
for the responsivity.

nT N_ p, (E)) '
3Mm SR t 1 a
N - d e+ E) + Ap] (2.83)
Py a
eA\nr Epn 7 N p, (E))
R, @y T = ——2 (—5538y 4 L2,
(Pl(Ea) + Ap)
(2.84)
where:
L
r,K6 = (2.85)
S e no w d ue

The factor in parentheses is the photoconductive gain in the absence
of trapping. The factor in brackets embodies the effects of trapping
and contains the temperatutre and background dependence of interest.
This factor is referred to as the trapping gain enhancement factor
Gt(QB,T) because it results in an effective gain enhancement when
trapping. is operative.

N_p; (E)
Qg D = [1+—1 2 (2.86)
rp; (E)) + &p]

Gy

Hereafter, the 'trapping gain enhancement factor'" will be referred
to as the '"trapping gain.'" Also when trapping is operative, the
responsivity will often be expressed by R, (Q ,T) to emphasize the
dependence on Q, and T and denote trapping respon31v1ty When

trapping is not operative, the symbol Rx will be used.
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With these notational conventions Gt (QB,T) is

R, (@, T)

R

Q> T) = (2.87)

G
t

Therefore, if the responsivity can be measured under a set of condi-
tions such that trapping is inoperative, then the trapping gain can
be determined by taking the ratio R, (Q , T)/Rx This will be valid
of the responsivity is measured under constant E field conditions.
Also r R> M and n_ must not vary with temperature. The extrinsic
condition insures Qs that n_ and Tgr do not vary appreciably with
temperature. The assumption of a constant quantum efficiency n is
less substantiated. However, it is believed that 71 does not strongly:
depend on temperature for lack of evidence that it does. Furthermore,
surface recombination effects have not been considered.

Under these assumptions the responsivity will have the same relative
functional dependence on temperature and background as the trapping
gain G_ (Qg, T). Therefore, theoretical and experimental compari-
sons of the functional dependence are possible even if the experi-
mentation of the absolute value of Gt (QB, T) is impossible.

It must be emphasized that this derivation is valid in the limit of
zero modulation frequency. Practically speaking, this requires that
the modulation be sufficiently slow in time such that equilibrium

conditions are reached at a rate much faster than the rate of signal
fluctuation.

2.2.4 PV-PC Detector Trade-Off

(Hg,Cd)Te can be operated in either the photoconductive or photovol-
taic mode. Historically the simpler photoconductive mode has been
developed first to give excellent performance in both single elements
and array applications. (Hg,Cd)Te can be tailored to respond any-
where from 1 to 30 micrometers giving it a broad spectral range of
applications. Recent work in photovoltaic (Hg,Cd)Te has shown
promising results especially where high speed is important.

Appendix B describes a two-colow photovoltaic detector fabricated

for the 1.55-1.75 micrometer and 2.08-2.35 micrometer bands. This
section will consider the differences between the photoconductive
detectors developed for this program and the photovoltaic two-

color detectors discussed in Appendix B. Earth Resources applications
will be used to establish desired operating conditions.
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2.2.4.1 Quantum Efficiency

The three factors in the PV mode which theoretically determine the
quantum efficiency are the loss of radiation through surface re-
flections, absorption of radiation in the bulk more than a diffusion
length away from the junction and loss due to surface recombination.

n = L - PV mode (2.88)

cash (d/Lk) + (Srh/Lh) sink (d/Lh)

where . .

reflection

depth of junction

= surface recombination velocity
hole diffusion length

hole lifetime

n

:3:‘:770’ (o T

In the pc mode quantum efficiency is determined theoretically by
the reflection losses at the surface and the optical thickness of
the detector (absorption coefficient [@] times thickness of
detector [d]

1-r](1-e%%

PC mode (2.89)
(1-reqad)

n:

In both cases the reflection loss may be minimized by antireflection
coatings. For the photodiode the junction can be made less than a
diffusion length away from the surface so that all of the energy
near the bandgap will be absorbed.

2.2.4.2 Responsivity

In the PV mode quantum efficiency is the only variable in the current
responsivity

R, (i) = ﬁ%l (amps/watt) (2.90)

where

= electronic charge
wavelength
Plank's constant
= speed of light

03 >a
I
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Thus a measurement of responsivity gives a direct indication of
quantum efficiency. In the PC mode the responsivity depends on
both the photoconductive gain (G) and the quantum efficiency. It
is difficult to separate these experimentally.

nqArNG Rd
RK V) = he

(volts/watt) (2.91)
where .

G = photoconductive gain

Rd= resistance of device

The pc responsivity is normally measured in volts/watt. The
generalized responsivity can be written as

R, (1) = 4ﬂ,gc% G (amps/watt) (2.92)
The gain (G) for photovoltaic detectors is unity whereas the pc
mode has-photoconductive (trapping or non-trapping) gain which
is proportional to the dc applied field. The importance of the
photoconductive gain is seen when the detector is matched with
a preamplifier. In comparison with a photovoltaic detector: 1) .
the responsivity is larger requiring less gain in the preamplifier,
2) the gain in the detector may be changed by changing the electric
field adding an extra degree of freedom in the design of the
detector preamplifier combination 3) the noise is larger and thus
the amplifier noise may be larger without degradation to the perfor-
mance of the detector. Therefore, because of the photoconductive
gain, the PC mode is more easily matched to the preamplifier without
degradation of the D*. TFor each application the basic question
becomes how do photovoltaic and photoconductive detectors compare
after matching with a preamplifier.

2.2.4.3 Noise

The important aspect of noise is to determine whether the detector
noise will be dominated by amplifier noise and thus degrade the
sensitivity of the detector. In the PC mode, for earth resources
applications the g-r noise will dominate over the Johnson noise.
The g-r noise assuming radiative lifetime has the same gain factor
as in the PC responsivity and thus gives the same opportunity to
increase the gain by an increase in E-field.

grLl/z qVn G, R, VE G (2.93)

where A = area of detector
G,. = thermal generation rate of carriers

T
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The noise sources for the PV mode are shown in Figure 2.15. The
dominant noise at elevated temperature should be Johnson noise.

1/2
. 2 4 kT Af
<:H] > =2 (2.94)
D
where
k = Boltzmann's constant

T temperature of detector
Af = Noise bandwidth

Photodiodes are typically used with operational amplifiers operatlng
in the current mode.

Assuming the detector to be Johnson noise limited and that the
various noise sources are independent, then the total rms noise
current is

2

i“ = —_— 4+ — + v (R—2'+w c2)+iA

(2.95)

This assumes that the feedback resistor is ten times the detector
resistance, and the detector is thermal noise limited. For the
detector noise to be dominant the following three conditions must
exist:

R. < —= , (2.96)

'1&

(2.97)

4kt

2 2 2
VA w C

(2.98)

Table 1 gives the current responsivity, noise and capacitance

for the two PV detectors discussed in Appendix B. For the detectors
shown in Table 2.2 this amplifier would be adequate for both bands
at elevated temperatures. Further amplifier design would have to
be initiated in order to optimize the 77 °K detectors with a 200 kHz
bandwidth. Thus the possibilities of amplifier degradation of PV
performance are seen with lower temperatures but do not seriously
effect the near room temperature conditions being studied in this
contract. 9-45
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T 2.2.4.4 Response Time

. In photovoltaic detectors the response time is controlled either
by the bulk carrier lifetime or by the RC time constant of the
detector circuit combination. A 200 kHz bandwidth detector requires
a 800 ns response time. Although the minority carrier lifetime
has not been directly measured Honeywell has fabricated 1-3 micro-
meter (Hg,Cd)Te photodiodes with 20 to 40 ns response times at

300 °K (contract DAAB05-71-C-2610) at room temperature. This in-
dicates that the bulk lifetime should not be a limiting factor for
a 800 ns requirement near room temperature. The RC time constant
can be approximated by the series resistance times the sum of the
detector and circuit capacitance. Assuming a 6 pfd JFET the RC
time constant will be less than 100 ns for each case. Thus, as
expected, the photodiode is a very fast detector which can easily
meet the 800 ns earth resources applications requirements.

One of the obvious advantages of PV mode when used in the unbiased
mode is the freedom from 1/f noise at low frequency which has been
observed in diodes made from some materials. (Hg,Cd)Te diodes were
made at HRC for the 1-3 micrometers region and speci fically designed
for high speed operation with the result that data extends only

down to 100 Hz. Down to that point however no 1/f noise, under

zero bias conditions, was observed.

Table 2.2
300 °K 77 °K
1.8 Ri = 0.07 A/watt Ri = 0.6 A/watt
i =3x 10713 a/m.t/2 i =8 x 10714 A/ust/2
c = 1.85 pfd ¢ = 1.55 pfd
2.5 Ri = 0.65 A/watt Ri = 1 A/watt
i o= 2.4 x 10-12 A/Hzl/2 i o= 3.6 x 10_14 A/Hzl/2
c = 28 pfd c = 16.2 pfd
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In the PC mode -the concept of detective time constant is very
important as has been demonstrated in this contract. The trapping
response times are relatively long (~100 us) but can be frequency
boosted with the amplifier to have a flat response for the whole
200 kHz bandwidth.

2.2.4.5 Detectivity

The detectivity limits are the same for PC and for zero biased PV
modes.
1/2 N
D =1 %  pC or zero-biased PV (2.99)
BLIP
2 he QB

e
"

For the reverse biased PV mode the blip limit is:

% 1/2
D = n————lL——-reverse biased PV (2.100)
BLIP
hc QB

Using reverse bias and very high quantum efficiency photodiodes
it is possible for the PV mode to outperform the PC mode.

(Hg,Cd)Te material considerations are very important in reaching
optimum detector performance. For the PC mode very high purity
n-type material is required. Considerable effort has been spent

to produce the necessary material. For the PV mode, p-type material
with a higher carrier concentration is required. P-type (Hg,Cd)Te
is easier to grow than n-type and the higher carrier concentration
requirement utilizes doping rather than the more difficult task of
extreme purity control. Less work has been done on p-type (Hg,Cd)Te
and thus material parameters are not as well known. However, con-
sidering all these factors, p-type (Hg,Cd)Te for PV mode appears

to offer an easier material system to work in than n-type (Hg,Cd)Te
for the PC mode.

2.2.4.6 Linearity

Trapping photoconductivity as described above shows how the res- _
ponsivity and response time change with background levels for the
photoconductive (Hg,Cd)Te detector in the trapping mode. Based on
this analysis specific earth resources applications parameters may
be used to derive the time dependent pulse response amd the
linearity of the responsivity of the detector for bands 1 and 2.
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Figure 2.16 shows the model used for the pulse response. The
detectors view the scene with Q ph/cm2-s for a long enough time

that the variations in signal are considered small. Since the
detectors operate at elevated temperatures where single trap,

uniform continuum and exponential distribution models give the
correct functional dependence for the trapping gain (or responsivity)
as-:a function of temperature and photon flux, we will use the
simplest model (the single trap) to study the changes in responsivity.
The trap level is E; which is shown in Figure 2.17.

E
= 2
E_ 5 + kT (2.101)

At 200 °K.

E_ (2.35 um)

.334 eV (2.102)

Em (1.75 um)

The time dependence of
given in equation 2.59

423 ev

the number of electrons occupying traps is
of Section 2.2.3.4 with its derivation

preceding it. . "

1 . 1 !
&pe + py &p, + Py Aty

¢ = P Ng

exp [-r,t (Apf + ] (2.103)
Definition of terms is given in Appendix C.
for our specific case,

Looking at each term

b = N e-Et/kT - 101 (T) 3/2 -Em/kT
1 \4 -
NTepQ
SR
= —— 2.104
o | ( )
_ 1753
&y d
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Equations 2.102 and 2.103 assume that we wish to examine the time
dependence of trap density caused by a step function from Q_, to Q.
Apj can be interchanged with Apg to examine the time dependent be-
havior at the trapping gain on the step function; we use the fol-
lowing derivation: '

G = %g -1+ -t (2.105)

With the following assumed parameters, the time dependence of the
photoconductive gain is calculated and shown in Figures 2.18 and
2.19 assuming a 50% Q level.

14 -3 -3

Nt = 10 cm d = 10 cm

r=5%10"°% g r =108

The small signal responsivity as derived in equation (2.82) is
proportional to:

am _ "SR [1+Nt P1
2q ~ T4 b, * &

] - (2.107)

This function is plotted versus Q for both bands 1 and 2 in Figures
2.20 and 2.21.

The activation energy which is the slope of the responsivity versus
1/kT graph has been observed to vary between different detectors with
the same cutoff wavelength where the detectors are fabricated from
different ingots, thus indicating that the trap level may very somewhat
from the assumed E_ energy level. This would probably make the

largest difference in performance of these detectors. In addition,

the assumed parameters also introduce a possible variation between
predicted performance. However, Figures 2.18 through 2.21 give

a good estimate of the predicted behavior of bands 1 and 2.

Photovoltaic detectors do not have trapping gain and thus do not
show the same effects. The responsivity, as discussed in Section
2.2.3.2 depends only on the quantum efficiency (Section 2.2.4.1)
of the detector. It is expected that the responsivity will not
change appreciably until there is sufficient power to do physical
damage to the detector. The earth resources applications with QR -
between 1011 to 1014 photons/cm? s have very low power inputs to
the detector and all experiments have shown the responsivity to be
completely linear. 2-52
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2.2.4.7 Fabrication

Photoconductive (Hg,Cd)Te has reached a high degree of sophistication in
array fabrication. Photovoltaic (Hg,Cd)Te technology is not as
advanced. However, the technique of ion implantation is being used
very successfully at HRC in producing very high performance PV

(Hg,Cd) Te detectors.

Ion implantation is quite conducive to planar technology. To date
we have fabricated arrays with 0.010 inch x 0.010 inch elements and
0.001 inch, 0.002 inch, 0.003 inch, 0.004 inch spacings very sue-
cessfully. With increased experience in the PV area fabrication
problems should not be a restriction.
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2.3 MEASUREMENT TECHNIQUES

One of the goals of this program was to characterize the behaviors
of near infrared (Hg,Cd)Te photodetectors as a function of tempera-
ture, background flux and wavelength. Certain measurement tech-
niques and tools had to be developed and/or anal yzed in order to
perform this task. A variable temperature dewar (VID) was evalu-
ated and used for thewariable temperature measurements. The errors
involved using a 1000 °K blackbody were analyzed and concluded

that under proper operating conditions tere was less error than

the normal experimental error. A light emitting diode (LED) was
built and utilized for measuring signal and noise as a function

of background and frequency. In addition, the effect of minority
carrier trapping was considered in each test set up and proper
adjustment was made. Finally, techniques were developed for the
rapid screening of many detectors in order to select those closest
to the program specification without extensive testing.

2,3.1 Variable Temperature Dewar

A variable temperature dewar was used to obtain measurement from
approximating 82 °K to room temperature. With liquid nitrogen
(LN2) the dewar reached a minimum of 82 °K, With 20 watts applied
to the heaters, the temperature stabilized at 210 °K and the boil-
off time was 45 minutes. A temperature range from 190 °K to

273 °K was easily accomplished with dry-ice and methanol.

Figures 2,22 and 2.23 illustrate the temperature versus power
curves for the two temperature ranges. Because of the long boil-
off time at 210 °K, and because the maximum operating power capa-
bility is 40 watts, even higher temperature with liquid nitrogen
are possible.

Several different codlants including Argon (89 °K), Freon 14

(140 °K), Freon 13 (193 °K), Freon 22 (230 °K) and Freon 12

(243 °K) were used at different times with this variable tempera-
ture dewar.

2.3.2 Blackbody Measurements
Detectors for this program were fabricated to operate over two
spectral mgions from 1.55 to 1.75 um in one band and .from 2.08

to 2.35 ym in the other. A 1000 °K blackbody is the standard
source for D*pp and Rpp measurements from which spectral detectiv-
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ity D*, and spectral responsivity R, are derived from the conver-
sion factor, G, which is a function of the blackbody temperature
and the detector cutoff wavelength, Aoe
The wavelength, \_,, corresponding to the peak spectral radiant
energy density from a 1000 °K blackbody is 2.9 um. Thus, the
spectral region of interest is on the side of the blackbody rad-
iation cirve which is highly sensitive to temperature and wave-
length. Consequently, G becomes more sensitive to ). and Tpp as
Ae becomes shorter. The question was, therefore, what conversion
factor error can be expected for a given temperature excursion
from 1000 °K and for a given uncertainty in )_? How accurately
must this temperature be maintained and how accurately must ),

be determined to keep the error to within acceptable limits?

The answers to these questions depend upon knowledge of the func-
tional dependence of G on the blackbody temperature and the cut-
off wavelength of the detector. The fundamentals of the blackbody
responsivity measurement were reviewed and from the expression

for the blackbody responsivity Rpp the conversion factor G was
derived. Once an expression for G is obtained,the sensitivity of
G to blackbody temperature excursions and cutoff wavelength deter-
mination errors can be calculated.

Figure 2.24 illustrated the relative spectral radiant energy
density curve for a 1000 °K blackbody and the location of the
wavelength bands of interest to this contract. This blackbody
curve of course was obtained from Planck's famous equation for
blackbody radiation:

8 mch

(exp () - 1)

u(x) = 3 (2.107)
A

where u()) is the spectral radiant energy density in ergs/cmz*°

For mathematical simplicity Eauation 2.107is re-expressed in
terms of the constants Cj and C,.

C,/\T
) =2 el -7 (2.108)

To derive the photoconductive response of a detector with area

Aq (cm?) we assume that the detector is ideal. By ''ideal' we
mean that the detector exhibits a constant quantum efficiency for
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wavelengths less than or equal to the cutoff wavelength W For
wavelengths greater than Ac the responsivity abruptly goes to
zero, In this model the wavelength of peak responsivity 'x."

is equal to Ac+ The responsivity as a function of wavelenggh
which is graphically shown in Figure 2.25 is mathematically de-
scribed as follows:

R A
A AP _
RO = P for X =P = Xe (2.109)
0 for » > xp = 2c
where: Rx is the spectral responsivity in volts/watt.

Rkp is the peak responsivity.

Sonsider the signal voltage that would result from exicting such

a photodetector with a chopped blackbody source. The rms spectral
irradiance from the blackbody at temperat ure Tgp is denoted by
H(Tgp,\) where, except for a change in the constant Cy, H(Tgg,X)
has the same functional form with respect to temperatur and wave-
length as u()), Equation 2.108. The signal voltage is just the
integral of the product of the spectral energy incident on the
detector and the spectral responsivity of the detector integrated
over all wavelengths.

V. =

sig Ad H(TBB, x) R()\) dx (2.110)

o g

For the ideal case as defined by Equation 2.109 the expression
for the signal voltage becomes more specific.

Ag Ry Ae
sig =-—j§;J3 I, H(T,p,0) d (2.111)

1

The blackbody responsivity "Rpp'" is defined as the ratio of the
signal voltage over the total power incident on the detector,
equation 2.112.

R X
A c
—L [T A H (Tgg, V) d
Vsi XP 0
R = —18 _ (2.112)
BB PT ©

% H (Tgg, A) dx
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The conversion factor "G(TBB, Ac)'" is a pure number which when
multiplied by the blackbody responsivity gives the spectral res-
ponsivity of the detector at its peak response wavelength, Ap
which in this case is also \¢. Thus, G is the ratio of Ry to
Rpg. Let the conversion factor be denoted by G(Tpp, A.) which
emphasizes its dependence upon the blackbody temperature and the
cutoff wavelength of the detector. From equation 2.112 an expres-
sion for G is obtained by solving for the ratio of Rxp to Rpp:

_ R, Ap g H (Tpp, 1) d)
G (Tons Ae) = 52 = (2.113)
BB BB A

g x H (TBB, A) dx

The integral in the numerator is an exact definite integral which
when evaluated simplifies equation 2.113to equation 2.114 below.

G (T

Py A
- P KL ,& C =4 (C2/Th _ 441 -1

(2.114)

Using this expression for G, we can obtain error arising from
temperature deviations about Tgg = 1000 °K

Consider the fractional change in G for a given temperature ex-
airsion AT from Tgp:

€ = ¢ (T ™) (2.115)
BB’ “c

To a first approximation the fractional change in G for AT about
Tpg is given by the following equation:

36 (Typ, Ago)

¢ )
kc) AT Trp

~ AT

(2.116)
G (Tgp:

€

When equation 2.114is substituted into 2.115we obtain:
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A x
4/T %C 4 (%221 L1y7L gy - c,/T* [ "3 21y 2,
€ = 0 AT
C

x"'ll' (eCZ/XT -1) -]. d)\

O »

(2.117)

The factor in brackets was quite small (less than - ,004/°K) for
the cutoff wavelength range from 1.5 to 3.0 pm and the nominal
blackbody temperature at 1000 °K. This means that G is relative
insensitive to temperature deviations about 1000 °K. This result
can be expalined by the observation that both integrals in equation
2. go the same way with temperature and thus compensate for each
other leaving G relatively invarient, '

However, Vgjo is quite sensitive to temperature. Since the value
of the signa% voltage measured is used directly to calculate Rgp
and D*pp, it is important that the temperature of the blackbody

is kept close to the value assumed for it in the calculation.

In our case it is necessary to know how accurately the temperature
must be maintained at 1000 °K to stay within a certain acceptable
error tolerance. This temperature was also found to depend on

the cutoff wavelength of the detector.

The procedure we follow here for Vgj, similar to that previously
applied to G. Again defining a frac%ional change for Vgig we
arrive at a analogous expression to that for G.

0 Vsig

AT
— —T 1

sigTBB

¢ (Vsig) = 5 (2.118)

BB

Substituting the expression for the signal voltage, equation
2.111 into equation 2.118 we obtain for the fractional change
the following:

Aa
[F 2 & a
= 0
€y (TBB’ kc) N AT (2.119a)
sig c
j X HdX
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0

-5 -2
C2 x eCz/kT -1 dk
T2

AT (2.119b)

0

' -1
4 ecz/xT -1 N

— >l

Equation 2119b evaluated by numérical computer techniques and the
results are plotted in Figure 2,26 for several valtues of AT over
the wavelength range from 1.4 to 3.6 um.

Figure 2.19 tells us how tightly Tgp must be maintained about
1000 °K in order that the calculations of D*pp may still assume
Tgg = 1000 °K and stay within an acceptance error tolerance
range, For example, the graph shows that to keep the error to
within 5% for detectors in this wavelength range, the blackbody
temperature should be kept to within five degrees of 1000 °K.

2.3.2.1 Error Arising from Uncertainties in the Accurate Measure-
ment of )¢

Since the conversion factor directly depends on the cutoff wave-
length )., we calculated the fractional change in G for a given
uncertainty A \,. This fractional change is directly related

to the error in our D*, and Ry calculations.

Proceeding as before we approximate the fractional change by
evaluating the expression:

A X
- c 3 G 120
¢ (Tgps Ae) G (a X )x (2.120a)
C (4
-1

. "4 o2/
= — - = M (2.120b)

A Y

1'4 e 2/ AT -1 dx

0

Equation 2.120bwas evaluated numerically and the results are
plotted in Figure2.27 which graphs the error in the D¥, or Ry
calculation over the cutoff wavelength range from 1.5 to 3.5 um
for several different values of A Ao where A )\, is the measure-
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ment error uncertainty. As expected, the calculated error increases
as the wavelength gets shorter.

2.3.2.1 Conclusions

The questions concerning the accuracy of 1000 °K blackbody measure-
ments on near IR detectors have been answered quantitatively.

The results indicate that acceptable detectivity measurements are
feasible in the near IR spectral regions applicable to this con-
tract, since the temperature and the cutoff wavelength tolerances
(AT , A ).) for a 207% accuracy are within our ability to meet.
Presently we maintain our blackbody temperatur s to within 5 °K
of 1000 °K. The cutoff wavelength determination is accurate

to within several hundreths of a micrometer and this inaccuracy
is probably overridden by the fact that theactual detector spec-
tral responsivities are non-ideal.

In the course of actual testing with a blackbody, three factors
were quite important and different from 8 - 14 pym testing. First,
the detector has to be shielded from all visible light because

it is very sensitive to the visible light as well as the near
infrared, Secondly, the signal must be considered as a source of
background radiation. This has two effects: the noise should

be measured with the same background radiation as was presented
for the signal measurement and the detectivity will vary with
changing in blackbody radiation in the Blip limit since the back-
.ground flux is changing. Thirdly, there are several important
water absorption bands in the near infrared and thus the humidity
in the test area must be controlled in order not to have part

of the signal absorbed before reaching the detector.

2.3.3 Light Emitting Diode Measurement

A GaAs light emitting diode (LED) test station was used extensively
to obtain pertinent data for this program. The station (shown in
Figure 2.28) is similar to the more traditional blackbody test
station except that the blackbody is replaced by a LED which is a
Gallium Arsenide emitter having a spectral output at 0.9 pum. The
LED has the advantage of being compatible with direct electronic
modulation of the optical output. The configuration shawn in
Figure 2.29 is a closed-loop, self-tracking frequency response
system. The beat frequency oscillator inside the wave analyzer
applies a sinusoidal modulation signal to the LED. The response
of the detector to this signal is continuously tracked by the

wave analyzer as the frequency is swept over the range of interest.
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With the X-Y recorder bode plots of the frequency response can be
obtained by using the log X and log Y outputs where log X is pro-
portional to the log of the modulation frequency and log Y is pro-
portional to the log of the corresponding signal. This system
was also used to plot detector noise spectrum by turning off the
modula tion and sweeping over the frequency range.

The station has LEDs which may be used simultaneously. One pro-
vides the dc background photon flux while the other is used as an

ac signal source. With Qgi, held constant in frequency and amplitude
the dc value of Q, is gradually increased by the ramp voltage
applied to the background photon flux LED. A calibrated silicon
photodiode was used to measure the intensity of radiation from

the LED. In this manner, the responsivity and frequency were
measured as a function of background radiation. This is shown

in Figure 2.30. '

In addition, this station was used for direct measurement of D*_ .

A square wave from a signal generator was used to reduce the
effective background from the signal. A signal flux of 2.02 x 1012
photons/cm“-s as measured by the calibrated silicon photodiode was
used to obtain the signal to noise ratios as a function of electrical
bias. This data could be directly converted to D* at 0.9 micro-
meter.

- R (arf)/?
9 pum Vv
: T
where he
R = VS/P, P=2Q T A
thus, 1/2 19
D% _ o leigy a5)7" 107,
.9 um 1.98 VN A’ Q

Assuming, as in the case of ideal photoconductors, that the
responsivity increases linearly with the wavelenth up to the
peak spectral responsivity and that the noise is independent of
the wavelength, the following relation should hold

0.9 .
* = —2Z D% if A < Ap.
D .9 um A A’ P

Thus, using the middle band point 1.65 pm and 2.215 pm for the
band 1 and band 2 respectively, the required D*.9 should be
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BAND 1

o

= _-95 4 x 10! cm Hzl/z/watt)

(D“.Q u)spec 1.6

2.18 x 1011 cm Hzl/z/watt

BAND 2
. _ 0.9 11 1/2
(D 9 u?spec = 5915 (4 x 10 cm Hz /watt)
= 1.6 x 1011 cm Hzl/z/watt
2.3.4 Testing Schedule

In this program, we followed the testing schedule shown in Figure
2.31l. The material from which sample detectors are fabricated is
selected on the basis of two criteria: 1) the compositional
parameter x is of the proper value to provide the required spectral
characteristics; 2) the material is n-type. Samples fabricated
from material meeting these requirements then undergo a pre-
liminary detectivity at a operating temperature of 232 °K (Freon 22).
The detectivity is measured using the calibrated signal from 0.9
micrometer LED and is compared to the design specifications for
each band. The spectral detectivity measured at 0.9 micrometer

is extrapolated back to median wavelength of each band (1.65
micrometers for Band 1 and 2.23 micrometers for Band 2) as out-
lined in Table 2.3. If the measured detectivity falls within a
specified range of the design goal, then the spectral response is
determined. From the spectral response the wavelength of peak
response Ap and the cutoff wavelength Ac is found. If these wave-
lengths are compatible with either Band 1 or Band 2, the detectors
become candidates for further testing. The next test entails
measuring the detectivity as a function of temperature for
temperatures bracketing 240 °K, the specified minimum operating
temperature. The resulting data tells us two important things:

1) the D*% at 240 °K; 2) the temperature at which the measured D*%
is equal to the D*, specification for this program. Both pieces

of information permit evaluation of the detector's performance
relative to the design specification. The second piece of informa-
tion provides the information that would be necessary for a
detectivity versus temperature tradeoff.
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Table 23

SPECTRAL DETECTIVITY MEASUREMENTS WITH .'HE 0.9 um GaAs LED.

EXTRAPOLATION FROM THE D*) (0.9 um) MEASURED TO THE SPECIFIED

DETECTIVITY FOR BAND 1 AND BAND 2.

BAND 1
o 11 1/2
D* . = -
5 (1.65 LLm)Spec 4 x 1077 cm-Hz ' “/w
- D* 0.9 ym
D A (0.9 le)spec D A (1.65 |~Lm)spec *1.65 Lm
« _ 11 1/2
D 2\ (0.9 p.m)Spec = 2.2 x 10 cm-Hz /w
BAND 2
o _ 11 1/2
D¥, (2.23 um)Spec = 5x 107" em-Hz ' “/w
D% (0.9 um) = D*. (2.23 um) x o9 um_
A spec A ) spec 2.23 pm
D*A (0.9 um) = 2.0 x lO11 cm-Hzl/z/w
spec

The next steps in the testing process are performed on those
detectors which have passed the critical spectral and temperature
requirements. These tests include measurements of the photo-
conductive response time, r__, the detective time constant r_,
and the resistance from thePI-V characteristic. Detectors ngch
perform satisfactorily in these tests are then mounted in the
modified DLK-21 vehicles for final testing and eventual delivery.



2.4 " DETECTOR CHARACTERISTICS
2.4.1 Temperature and Background Dependence of Response Time

The dependence of response time of a near IR (Hg,Cd)Te photodetectors
on the background and temperature are shown in Figures 2.32, 2.33,
2.34, and 2.35. The time constant exhibits the expected temperature
dependence for a trapping detector as predicted by the small signal
trapping photoconductivity discussed in Section 2.2.

2.4.2 * The Temperature and Background Dependence of Responsivity

During the process of this program, we found that the temperature
of the detector and the incident background photon flux are the
two fundamental conditions which govern the behavior of (Hg,Cd)Te
detectors operating in the trapping mode.

Experimental data which shows the dependence of responsivity on the
background and temperature is shown in Figures 2.36 and 2.37. The
temperature range investigated if from 83 °K to 295 °K while the
bagckground is varied from 3 x 10 3 photons/em2-g to 2 x 1015 photons/
cm -2. The responsivity behavior can be divided into three temp-
erature region of operation illustrated in Figure 2.38.

Region 1: Low Temperature Region

A low temperature region which is characterized by a strong back-
ground dependence and a gradual temperature dependence. In this
region, the responsivity varies as Q -7 where vy is generally
between 1/2 and 1. The responsivity gradually increases with
decreasing temperature. At low background canditions a gain
enhancement was observed due to minority carrier trapping which 13
can be several orders of magnitude. 1In this experiment (at 3 x 107
photons s-1 em™2 and 80 °k) Detector 3-1 exhibited a gain emhance-
ment of approximately 100.

Region 2: Intermediate Temperature Region

An intermediate temperature region exhibits a strong temperature
dependence. For the lower backgrounds the temperature dependence
is stronger and seems to approach an exponential dependence of the
form Exp (-Ea/kT) where Ea is defined as the activation energy.

In Region 2 the background dependence quickly diminishes with
increasing temperature. ’
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Region 3: High Temperature Region

This region is background independent. The background dependence,
if any, was unobservable within experimental error. Furthermore,
the strong temperature dependence observed in Region 2 quickly
transforms into a gradual function which appears to be approaching
a constant value as the temperature is increased. In Region 3 it
is believed that minority carrier trapping is replaced by Shockley-
Read recombination.

A comparison between Figure 2.3 and 2.38 indicates that Detector
3-2 (Figure 2.38) has a smaller density of effective trapping
centers thatn Detector 3-1 (Figure 2.37). This conclusion is
based two observations:

1. A background of 2 x lO15 photons-s-l-cm“2 nearly
saturates the traps in Detector 3-2 as indicated
by smaller relative change in responsivity in
going from Region 1 to Region 3.

2. The gain enhancement of Detector 3-1 is larger than
that of Detector 3-2. By a comparison of the
responsivity ratios at 83 °K and 300 °K, Detector 3-2
had a gain enhancement of 60, while Detector 3-1
showed an_enhancement factor of 100 at a background
of 3 x 10l photons-s™ “cm”

In pacticular, the effect of the background radiation flux on the
detector was studied by changing this flux over the 8 x 1012 o
4 x 1014 photons/s{cmz. Figure 2.39 shows the frequency response
of a small (4 x 10 2 photons/cm® s) signal with the background
flux varied. Curves such as those in Figure 2.39 show improved
responsivity at the expense of bandwidth, the kind of performance
change required to produce sensitive lower background detectors.

2 .4.3 Comparison of the Trapping Model and Experimental Data

The exponential density of traps model which was developed during
the course of this program is compared here with the experimental
data. Detector K13-18B-3-1 has been tested under three different
backgrounds. Qg varies from 3.0 x 1013 to0 1.0 x 1015 . The
trapping gain enhancement factor was fitted to the exponential
trapping model. Figure 2.40, shows the agreement between the
calculated and experimental data. Similar analysis has been
applied to Detector K13-18B-3-2, the result is plotted in Figure
2.41,
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2.4.4 Final Detectors

Test reports on the four final detectors shipped to NASA are in-
cluded in Appendix A. 1In Figure 2.42, the D*. of the four detect-
ors, W1, W2, W3 and W4, are plotted vs 1000/T? We obtained the
following conclusions.

In the elevated temperature region, 200 °K and higher, the D¥*
are strongly temperature dependent. A slight decrease in temp-
erature would drastically increase the value of D*x.
In the temperature region which we are interested, 240 °K and
higher, the D*X of W1 and W2 in band I, are much higher than

that of W3 and'W4 in band II. (almost difference by a factor of
9). This is due to the difference in cutoff wavelength of the
two bands. The 2 of band I is 1.75 uym and > of band II is
2.35 ym. From thgoanalysis which we presented fR Section 2.2 of
the Technical Discussion of this report, in the wavelength region

1.55 - 2.35 um the D*% would increase sharply with shorter cutoff
wavelength. '

With minority carrier trapping very high photoconductive gains
were realized without the previously expected sweep-out of carriers.

Figure 2.43 shows the responsivity of the four final devices plot-
ted versus 1000K. It should be noted that W4 has both a low re-
sponsivity and a very short response time (6 microseconds). Since
responsivity is a function of response time this result is expected.
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SECTION 3
NEW TECHNOLOGY

No new technology has been developed on this contract.
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TEST REPORT 23971-1
FOR
DLK21A15~-W1 INFRARED DETECTOR
FOR

NASA /GODDARD

CONTRACT NO.
NAS 5-21646

4/% /7;‘/ Tprzg & Lidorcdy ﬁd/\"’@) )M

PRODUCT ASSURANCE PROJECT ENGINEER PROGRAM MANAGER
ENGINEER

-

Honeywell Inc.

Radiation Center

2 Forbes Road
Lexington, Massachusetts 02173



ELEVATED OPERATING TEMPERATURE NEAR INFRARED PHOTODETECTOR
TEST REPORT

Manufacturer

HONEYWELL RADIATION CENTER

Lexin

2 Forbes Road
gton, Massachusetts

02173

Detector Number - DLK21A15- W1

Date of Measurements - 3JAN,\973

DETECTOR DESCRIPTION

CONDITIONS OF MEASUREMENT

Type HgCdTe Photo- Detector
conductive Temperature z40 °K
Dimensions . - i
9.14x m‘cm, X s.nuoscm g:ggﬁ;g%y 10060 Hz
Sensitive Area, A 8.8 «10° cm Noise A
Bandwidth 6.2 Hz
Window Material ) Blackbody
Sapphire Temperature BB 1000 °K
Field of View oot Amplifier 3
T2 30  Degrees Cain 10" nowwna il
Resistance ohms @ 240°K Distance -
16,620 Source to Det. Z4. cm
Optimum Bias o Blackbody Aperature| Circular
Current 0TS ma Shape & Size 0.0125 in Dia.
: Spectral Wavelength 16
TEST RESULTS @ OPT. BIAS Intervals ° um
Signal, S V64 mv Tc = chopper blade temp. = 300°K
_ €c = chopper blade emissivity = L0
Noise, N , 9% ms egp= blackbody emissivity = 1.0
_ . Agp= area of blackbody aperature (cm2)
D"BB z.2 %10 cm Hz® /watt
R . Radiant Signal Wave Shape and )
BB 1.5~ 10 volts/watt Amplitude J
. -1 2 R ® 2r 2z
Pn [NEP] qluxxo‘ watts/Hz% N(t)———— I, {1—é— Y (=) J,
r K=1 K7R
Apeak 1. 87
’ Mm
=% " I ° (EZB) %; cosKwt }
Apk 5.4x10  cm Hz" /watt
= 3 Tts /watt where: I,=radiant emittance from
rpk 3.8~ 10 VOoits/wa source (watts-cm'z)
2R=source aperature dia.
Tresponse 318 US 2r=chopper tooth width (inches)
e ma = 0.1987
7detective 3.1 M8 ©.00 J,=1st order Bessel function
12 2.2 ref: R.B.McQuistan, Journal of the
D*BB 110 x 104 (Af)ad 1S/N Optical Society of America, 48,
2 . '58
(€5pTpp €T VA Agp 1, 63, Jan

(see

attached derivation)
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TEST REPORT 23971-2
~  FoR
DLK21A15 S/N W2 INFRARED DETECTOR
FOR

NASA /GODDARD

CONTRACT NO,
NAS 5-21646

Ny | |
./'7ﬁ53259§9¢~/ ‘ 72@4? C_lifuch) E;%/VW/(EaSUL(
PRODUCT ASSURANCE PROJECT ENGINEER PROGRAM MANAGER
ENGINEER

Honeywell Inc.
Radiation Center
2 Forbes Road
Lexington, Massachusetts 02173



ELEVATED OPERATING TEMPERATURE NEAR INFRARED PHOTODETECTOR
TEST REPORT

Manufacturer
HONEYWELL RADIATION CENTER

Detector Number - DLK21A15-W3

. 2 Forbes Road Date of Measurements - JAN 973
Lexington, Massachusetts 02173
DETECTOR DESCRIPTION CONDITIONS OF MEASUREMENT
Type HgCdTe Photo- Detector
conductive Temperature 240 °K
Dimensions -2 -2 Chopping
LOx10 ‘cm. X Liérlocm Frequency 1000 Hz
Sensitive Area, A -4 2 Noise
’ 1.2 x10° cm
Bandwidth & 6.2 Hz
Window Material ) Blackbody
Sapphire Temperature BB 1000 °K
Field of View . 0 Amplifier t
T o6
! Degrees Gain 10 nominol
. [<] .
Resistance zz.w’ohms @ 240°K Distance - 1635
Source to Det. cm
Operating Bias 2 Blackbody Aperature| Circular
Current ' 0.2 ma Shape & Size 0.0125 in Dia.
Spectral Wavelength
TEST RESULTS @ OPT. BIAS Intervals 0-1 um
Signal, S 31.0 mv Tc = chopper blade temp. = 300°K
- €c = chopper blade emissivity =10
Noise, N 0.115 ms egp= blackbody emissivity = 1.0
= - T App= area of blackbody aperature (cm2)
BB 9.5 « 10 cm Hz® /watt
RBB 2.3 210  volts/watt Radiant Slgnal.Wave Shape and
Amplitude
~10 RZ © Z
Py [NEP] 12016 " vates/nz? | [ N(0=T5= L(1-B v E g,
r K=1 K7R
Apeak z.2
' Mm KnR Kn
T ° (———) — cosKwt}
D* 10 = 2
rpk 7.9%10 cm Hz” /watt
= where: I,=radiant emittance_from
Rxpk 2.0x10" volts/watt source (watts-cm'z)
s 2R=source aperature dia.
Tresponse 16 M 2r=chopper tooth width (inches)
76 us @ o0.23 ma = 0.1987
Tdetective ) . ) Jy=1st order Bessel function
: ref: R.B.McQuistan, Journal of the
D*BB 1.10 x 104 (A—Z d S/N Optical Society of America, 48,
Jan. '58
(EBB BB 6 T )A A BB 1, 63, Jan 5

(see attached derivation)




Detector Readout Circuitry

Variable Load

100-11K
. " Detector
0‘12V - /o~
Variable /715? ‘%
’ =~ Test Signal
10 or 100.A Input
Bias

Monitor

Wave IRI
. Analyzer Integratin
Amp" Hewlett V%VM 8
Gain Packard Mod
4K Mod 602
302A
Oscilloscope
Monitor




Graphs

vs Bias @
vs Bias @
v T @
vs T

vs f @
vs T ¢
vs f @
vs f @
vs A C
vs A e
vs A @
vs A @

1000 Hz, 240°K

1000 Hz, 240°K

5 1000 Hz, optimum bias

240°K, operating bias
1000 Hz, operating bias
240°K, operating bias

240°K, operating bias

240°K, operating bias
290°K, optimum bias
240°K, operating bias

290°K, optimum bias
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DLK21A15 S/N W3 INFRARED DETECTOR
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NOTE: PLEASE READ ''HANDLING AND PRECAUTIONS'"
BEFORE USING THIS DETECTOR



ELEVATED OPERATING TEMPERATURE NEAR INFRARED PHOTODETECTOR
TEST REPORT

Manufacturer
HONEYWELL RADIATION CENTER

2 Forbes Road
Lexington, Massachusetts

02173

Detector Number - DLK21Al1l5-W2

Date of Measurements

- JAN '3

DETECTOR DESCRIPTION

CONDITIONS OF MEASUREMENT

Type HgCdTe Photo- Detector
conductive Temperature z4o °K
Dimensions 214 x 16 'em. X %14xi6°cm g::gﬁ;ggy 1000 Hz
Sensitive Area, A & 010° cmé Noise Af
Bandwidth 6.2 Hz
Window Material ) Blackbody
Sapphire Temperature BB 1000 . °K
Field of View — , Amplifier 3 '
Degrees Cain 10" nomina lly
Resistance ohms @ 240°K. Distance -
13,330 Source to Det. Z4 cm
Optimum Bias Blackbody Aperature| Circular
Current ©-o9 ma Shape & Size 0.0125 in Dia.

Spectral Wavelength

TEST RESULTS @ OPT. BIAS Intervals ©-10 um
Signal, S 130 mv Tc = chopper blade temp. = 300°K
i €c = chopper blade emissivity =10
Noise, N 0.63 ms egg= blackbody emissivity = 1.0
‘ Agp= area of blackbody aperature (cm?)
D* 10 1
BB z.mx10 cm Hz®/watt
RBB 11 » 10° volts /watt Radiant Slgnal.Wave Shape and
Amplitude
P -1 2 ® 4
Pn [NEP] 3.4 210 watts/Hzé' N(t)=——— I, {1-4R b (Eéi—) Jy
K=1
Apeak e
. um .
— . . (@) 2—” cosKwt
Apk ¢.s »1w0" cm Hz” /watt
where: I,=radiant emittance from
Rka zn 510 volts/watt source (watts-cm'z)
S 2R=source aperature dia.
Tresponse Ber. M 2r=chopper tooth width (inches)
4 S @ 6.047 ma = 0.1987
Tdetective - H ) J,=1st order Bessel function
ref: R.B.McQuistan, Journal of the
D*BB 1.10 x 104 (Af) d S/N Optical Society of America, 48,
1 . '58
(GBB BB G T )A ABB , 63, Jan 5

(see attached derivation)




Detector Readout Circuitry

Variable Load

100-11K
. ¢ Detector
0"12V - 4/ PO
Variable //égf :%
y = Test Signal
10 or 100.A Input
Bias

Monitor

Wave IRI
' Analyzer Integrating

AmP. Hewlett V%VM

Gain Packard Mod

["K Mod 602
302A
Osciiioscope

Monitor




2.0 D* i 7
BB Derivation

The detectivity can be defined as:

. AEAfES/N
P

Where :

>
i

Sensitive area of the detector, in square centimeters.

Af = Frequency bandwidth of the noise measuring circuit
in Hertz

S/N = Signal to noise ratio of the detector

P = Tnput signal power

The input power is:

¢ABBA

f=—
d
Where : ABB = Area of blackbody aperature in square centimeters
# = Flux density of the emitted irradiance in volts per
square centimeter of blackbody aperature area
d = Distance between blackbody & incident plans of

detector

Calculation of flux density, @, is as follows:

O(QBBTBBA'CcTca)

¢ =
(TTC]_)



Where: o = Stefan Boltzman constant = 5.6686 x 10”2 Watts
cm™<°K”

€gp = Blackbody emissivety

T,, = Blackbody temperature

€. = Chopper blade emissivety

TC = Chopper blade temperature

¢, = rms factor for chopper and blackbody aperature
m o= 3.1416

The input power is:

4 4
b o (eppTpp ~6. T, )Agph
BB 2
d (ncl )
D«‘BB is
(Af)gdz(ncl)S/(kN)
D* =
BB 4 by %
o (eppTpp "% Te VA App
Where : k = Experimentally determined correction factor for

Hewlet Packard wave analyzer noise readings = 1.12

The rms chopping factor for an 80 blade chopper.and .0125 inch
diameter operation is 2.24., Thus combining constants and neglecting

the (ecTc ) terms.

1.10 x 1012(Af)§S/N &

BB = 4 %
°gBiBB A “pB

D*



Craphs

vs Bias @
vs Bias @
vs T (4
vs T

vs f e
vs T G
vs f G2
vs £ c
vs A e
vs A @
vs A @
vs A ¢4

1000 Hz, 240°K
1000 Hz, 240°K

3 1000 Hz, optimum bias

240°K, operating bias
1000 Hz, operating bias
240°K, operating bias

240°K, operating bias

240°K, operating bias
290°K, optimum bias
240°K, operating bias

290°K, optimum bias



.

08

-84

.01

SRR T I BIHL O T
I i ! Il
i i
0|
T H
IglE N i
| )
™ N
il ! V I | 1 )
I
i X T é i\
| : ‘ i iifa K
Q ! TR
h i I A L ,
i i
u_ i ; f i
| * \
i Wi
Il il
: U D i
gamy E
). | 18
1) w i H
e < i
|
e T _ i
5
ii f il I
e i N 4 "
i N ]
ey i i i I
K
B~ TTrEt
.L 1 [in v ﬁ N
f
N
N »
I - R Nd
it | I Il
| Iy
! | I !
0 ] ] | i | »
_ ! f 3
i j
il i
1 I
!
| i il
i il
]
il i
i i il T ! o I
1 TSR ABTRR AN L :.:: PR AR I T A RN RN AR T HURIRIRR RN YN iy
oW =~ W &_ - o -
- - T W - < o~ -
oW M~ W 7} - ” o~ - 1
@ LN W ~ ™ [ u. ._L »

1000. 10
)
100. 1




r
1t N
I
N 3
il
|
L]
Q
|
m
__ . o
) ©
“ -
m <
! 4
I,
<
e
A
]
. Q
b
Sl
_,,_ !
1
Y
o
[N
o | t
Vs
o __" T
e R
i 1T
[TRARNER
} i

L-



Y/

)|

K
200.

(S

L+

100,

v

FaaY
N

U Y Y P O

O

1°|l
)
10

Th
10
10






300.

il il

It

Xoo .

I I

=

Il i

100.

Paa¥
—

==S=====

=SE=
===

()

10
10>



‘ot R § ‘1 0

9 S 4 € I 6 8 9 g y € 14
! 1T
¢ i
] I I
it )
b
|
1
i
H N
T . i
. !
T
7
g
;
1 H
—it
: i T — €
1. T =
) I 1 -
- t t T
[ A ek St Bay w1
oot B4 i e foeai
Tt F i -
I L T (7 12
| ]
i »
]
- C
]
:
[ >
1 L
i Q
+ 7
1
T 1 I3 N
i =
r——— saazpemm 9518
1T 11]
£ £
0
83 101
L]
2
A9
H H ]
"l
. - B T "
¥ I Y § H )
H H : Egasns spnEmmny .
L4
1 s V%,
I > N c
1 N =
- s
- 14 9
N
. 2 Q s (I Ot i bt o S0 oo
I it N et Sany juyagun i
' = e T A (4
e St prbed I "L 2 A AR R eyl [Beulghes Sl
[&m: =1 H ol feibg My bannt Srnan - o
- 1 - g 8
! ! o r A RsEe: e e e fha g RE g AR it ~
T =5 = = ; =B } 6
===t SEEEA S SBE = i gEes t ;
7 ! ] = : 10%
[ r 6 8 [ 9 A 3 A 11}



‘0t

oD ¢

‘001 T | 5
8 €
1
I
;
i
L
2z - 4
L
Lt T N
£ €
t
+- e
. N
v L4
el S
) 4
O (e}
J 4
L L
o. Q
8 8
o &
Lo )y poam L]
.— Ilf
‘I
z 4
€11
=
b : v
0
f
i
HAS
S : g
9 9
L L
i m Q
: 7 °
t t
o —— . 3 n
t : .

— O 0

oY

o1



T T T T T TToTT ™7
e aving I 4 ki -
T T T T M} 1 L
v a1 i t v J it _
el AN} i H T @™
; l i i i t
; ~
il ,
(e pabns NN A 12 et
i t i =i ]
et : - o L)
ST ;
ERER : i BRERen ]
t T I
T : <
" : T rl
_ﬂ T _ T
1 N I i
T (wea oo ¥ )
i b + A jEns
RESE & g 0
p= § t
s i T
=
o~
| = i
N
o :
<
©
~
©
-ﬂ ]
=4
& -
-«
t
t
-
s=n o~
I |
Wl
N |
7Tl .
T .
@
©
~
©
o t
m o
num <+
: ©
1 i ho o ,.;.‘ 1 3 w I
¥ - 1w i %x -1-- {
: 1 t i
bl ) R} 1
: i ! 1D ) T
o
T
i e
! 1 ]
L.
_: Ll |
o @~ © W - ) o ® N~ © oo~ ©

100.

Vi

(mV)

A

£ Gy

B



1 S

ISR NIt N Fod R S A i Ot A
e ERn E i 10 o [ R R e
RRRNH aunf N
! i i
!
e + —pteede
Ty I ,
! g o
T
T
! o N
i \& P " )
s -
AN . —t
;
i el
4 Iz g v
- - —i=
i =3 it bl
101 Ay o o ey [y g ]
Sl " EEEy i 4=
T .
T T = PSS A M
L — f
+ L - A fpud st S
4er l». [ ot S TR Ry
T T ST P R B - E -
: - i o Tl







gt el g

s

o







4.0

HANDLING AND PRECAUTIONS FOR HRC PRECISION TI.R. DETECTORS

This precision infrared detector was built in.-the laboratories
of the Honeywell Radiation Center under the utmost care. This
device was produced using some of the most modern technology in
existence. However, as with any precision piece of equipment,
there are tolerance limitations to which it can be subjected
physically, thermally, and electrically. '

Operating Temperature

The device is designed to operate at the approximate tempera-
tures noted in Section 1.0 of this report.

Storage

This unit is designed to be stored at temperatures up to 185°F
(85°C) for short periods to time. Do not exceed this limit.
Prolonged exposure to high temperatures may produce a degrada-
tion of device performance.

Window and Housing

Parts may crack or break if subjected to high impact. Always
transport device in the container in which it was shipped.

Detector Element Burnout

The detector element is capable of dissipating only milliwatts
of power. Do nct over bias. :

A. Caution: If lead from detector device should break contact

with the test circuit:

Turn off bias and amplifier power source.

Discharge coupling capacitor by shorting test leads.
Re-connect detector element to bias supply.

Turn bias power on again.

S W

B. When the detecter is connected to any power source, there
must be no voltage differential between the contacts until
after circuit is complete.

C. Do not use any amplifier circuitry that will produce current

into detector or generate current surges.
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If the detector is operated in the cooled condition with
a cooling unit that may malfunction without operator's
knowledge, the manufacturer suggests that a current/voltage
limiter be installed in the bias curcuit to prevent a
runaway condition when the detector element warms.

Normally, the meters used to measure resistance utilize a 1.5
volt battery. The current generated by the battery is sufficient
to cause detector burnout. Therefore, if it is necessary to mea-
sure resistance, observe the following:

A.

Use wheatstone bridge with an external battery to produce
a current/voltage level compatible with the manufacturer's
test results.

When the device is in an operating circuit or system, use

a VIVM with selector switch set to voltage. Read voltage
drop across detector and compute resistance by OHM's Law.
Be cautious of power ground loops between VITVM and detector
circuitry. Connect common ground first, then connect VIVM
to high side of detector. 1If VIVM is of a high impedance,
it is advisable to use a series limiting resistance in VTVM
lead. Resistance values up to 1% of VTVM input impedance
will cause no voltage reading errcrs.
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ELEVATED OPERATING TEMPERATURE NEAR INFRARED PHOTODETECTOR

TEST REPORT
Manufacturer Detector Number - DLK21A15-W4
HONEYWELL RADIATION CENTER '
2 Forbes Road Date of Measurements -

Lexington, Massachusetts 02173

DETECTOR DESCRIPTION CONDITIONS OF MEASUREMENT
Type ' HgCdTe Photo- Detector
conductive Temperature 240 °K
Dimensions 3 . -2 Chopping
- — 963440 cm. X icbrzocm Frequency LoD Hz |
ensitive Area, Al LS cm?® Noise
“Ee s Bandwidth - 6.2 Hz
Window Material | Blackbody
Sapphire | Temperature BB 1000 ° K
Field of View o0 7 Amplifier N
b? s34 Degrees Gain /'-',’ n(:/n/‘utl/
Resistance ohms @ 240°K Distance - d .
477 | Source to Det. 33 cm
Optimum Bias Blackbody Aperature| Circular
Current / ma Shape & Size 0.0125 in Dia.
Spectral Wavelength ,
TEST RESULTS @ OPT. BIAS Intervals i wm |
Signal, S mv Tc = chopper blade temp. = 300°K
1./ €c = chopper blade emissivity = L0
Noise, N 2 - Y €egp= blackbody emissivity = 1.0
. 63 g App= area of blackbody aperature (
D¥pp 9@;/09 cm Hz" /watt :
R . 4 Radiant Signal Wave Shape and
BB L3 00C volts/watt Amp11tude
- 2 ‘
Ph [NEP] 2 3£ A/ ! wa.tts/Hz”i N(t)-zg— I,{l-— 4R T (Kéﬁ-) J,
- T k=l
Apeak . '
kit = ) (K"R) n &2 cosKwt }
D* ‘o * 2
Apk £ Fers em Hz” /watt
- Tts /watt where: I,=radiant emittance_from
Rka 1247 volts/w source (watts-cm 2)
2R=gource aperature dia.
Tresponse f.r57 M8 2r=chopper tooth width (inches)
= 0.1987
Tdetective | 2.9 M8 &, 25 WA J,=lst order Bessel function
12 % .2 ref: R.B.McQuistan, Journal of the
D - L10 x 104 (Af) d éS/N Optical Society of America, 48,
- . '58
(€3pTap ~€cTe )A BB 1, €3. Jan. '5
(see attached derivation)




Detector Readout Cifcuitry

Variable Load
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2.0 D*BB Derivation

The detectivity can be defined as:

ae APAE2S/N
P
Where : A = Sensitive area of the detector, in square centimeters.

Af = Frequency bandwidth of the noise measuring circuit
in Hertz

S/N = Signal to noise ratio of the detector

P = Input signal power

The input power is:

BAZ A
f = ——EZ—"

Where : Agg = Area of blackbody aperature in square centimeters

@ = Flux density of the emitted irradiance in volts per
square centimeter of blackbody aperature area
d = Distance between blackbody & incident plans of

detector

Calculation of flux density, @, is as follows:

4 4
7(¢ppTpp ~%cTc )

@ =
(ﬂCl)



Where: 0 = Stefan goltzman constant = 5,6686 x 10”12 Watts
cm™<°K”

€gg = Blackbody emissivety
TBB = Blackbody temperature

€. = Chopper blade emissivety

TE = Chopper blade temperature .
¢, = rms factor for chopper and blackbody aperature
m = 3.1416

The input power is:
4 4.
J

o(e -
P CeppTpp S Te ) lppt
BB d? (TTC1)
* .
D BB is:
(Af)ﬁdz(ncl)S/(kN)
D* =
BB b 4B
°Cepplpp ~ScTe 4 Agg
Where : k = Experimentally determined correction factor for

Hewlet Packard wave analyzer noise readings = 1.12

The rms chopping factor for an 80 blade chopper and .0125 inch
diameter 2peration is 2.24. Thus combining constants and neglecting

the (€CTE ) terms.

e 110 x 107 ee)¥s/n o
4;

BB = 5
°BBIBB 4 “ps




3.0 Graphs

S,N vs Bias @ 1000 Hz, 240°K
S,N vs Bias @ 5000 Hz, 240°K
D*) vs Bias @ 1000 Hz, 240°K
D*, vs Bias @ 5000 Hz, 240°K
ry Vs T

D¥) vs £ @ 240°K

Ry vs f @ 240°K

Vn vs £ @ 240°K

D¥, Vs 1/T @ 5000 Hz

Ry vs 1/T @ 5000 Hz

R}\ vs A @ 240°K
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4.0

4.1

4.2

4.3

4.4

HANDLING AND PRECAUTIONS FOR HRC PRECISION I.R. DETECTORS

This precision infrared detector was built in.the laboratories
of the Honeywell Radiation Center under the utmost care. This
device was produced using some of the most modern technology in
existence. However, as with any precision piece of equipment,
there are tolerance limitations to which it can be subjected
physically, thermally, and electrically.

Operating Temperature

The device is designed to operate at the approximate tempera-
tures noted in Section 1.0 of this report.

Storage

This unit is designed to be stored at temperatures up to 185°F
(85°C) for short periods to time. Do not exceed this limit.
Prolonged exposure to high temperatures may produce a degrada-
tion of device performance.

Window and Housing

Parts may crack or break if subjected to high impact. Always
transport device in the container in which it was shipped.

Detector Element Burnout

The detector element is capable of dissipating only milliwatts
of power. Do not over bias.

A. Caution: 1If lead from detector device should break contact
with the test circuit:

Turn off bias and amplifier power source.

Discharge coupling capacitor by shorting test leads.
Re-connect detector element to bias supply.

Turn bias power on again.

S W N =

B. When the detector is connected to any power source, there
must be no voltage differential between the contacts until
after circuit is complete.

C. Do not use any amplifier circuitry that will produce current
into detector or generate current surges.
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If the detector is operated in the cooled condition with

a cooling unit that may malfunction without operator's
knowledge, the manufacturer suggests that a current/voltage
limiter be installed in the bias curcuit to prevent a
runaway condition when the detector element warms.

Normally, the meters used to measure resistance utilize a 1.5

volt battery..

The current generated by the battery is sufficient

to cause detector burnout. Therefore, if it is necessary to mea-
sure resistance, observe the following:

A.

Use wheatstone bridge with an external battery to produce

a current/voltage level compatible with the manufacturer's
test results.

When the device is in an operating circuit or system, use

a VTVM with selector switch set to voltage. Read voltage
drop across detector and compute resistance by OHM's Law.

Be cautious of power ground loops between VIVM and detector
circuitry. Connect common ground first, then connect VTVM
to high side of detector. 1If VIVM is of a high impedance,
it is advisable to use a series limiting resistance in VTVM
lead. Resistance values up to 1% of VIVM input impedance
will cause no voltage reading errors.
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Near Infrared (Hg,Cd)Te Photodetectors

by
N. C. Aldrich and T. Koehler

The status of near infrared photoconductive and photovoltaic
(Hg,Cd)Te detectors is reviewed. Previously we have reported on
the successful use of (Hg,Cd)Te in: 1 to 3-micrometer room temp-
erature photodiodes for laser receiversl, n-color detectors? and
near infrared detectors operating at 90 °K for the Skylab S-192
experiment, Expanding these areas, this paper will discuss
near infrared photoconductors operating at near room temperatures
and a two color near infrared photovoltaic detector. This data
adds to our family of (Hg,Cd)Te detectors in the near infrared
for both photoconductive (Figure 3) and photovoltaic element
(Figure 4).

Earth resources applications require information in the 1.55 to
l.75-micrometer region and the 2.05 to 2.35-micrometer region.
Figure 5 shows typical data for near infrared photoconductors as

a function to the high performance observed in near infrared photo-
conductors., The model for this trapping is discussed in detail

in Broudy and Beck's paper%,

The performance of a 2.6-micrometer detector as a function of
temperature is shown in Figure 6, While the detectivity at low
temperatures (80° - 150 °K) is above 1012 the detectivity at 200 °K
is 2 - 3 x 101l and at 240 °K it is 2 = 3 x 1010 em Hzl/2/W. 1In
order to increase the performance of these detectors at 200 - 240 °K,
the wavelength must be as short as possible to decrease internally
generated noise indicated by the D*)\ limit shown in Figure 7.

The detectivity as a function of temperature for a 2,.35-micrometer
detector is shown in Figure 8 and as expected the detectivity
between 200 °K and 240 °K is almost an order of magnitude greater
than the 2.,6-micrometer detector while the detectivity for low
temperature is in the low 1012 region as was the case with the
2.6-micrometer detectors.

Figure 9 shows the signal, noise and zero bias noise for a 2.35-
micrometer detector, As expected6 when the bias current is raised
the noise increases the Johnson noise dominates beyond 80 kHz

while with the lower bias the Johrson noise dominates above 20 kHz.
The detective time constant is less than 10 microseconds for 0.16 mA
bias and less than 2 microseconds for 0.55 mA bias without degra-
dation in detectivity.



The 1.55 to l.75-micrometer data is summarized in Figure 10 which
shows the detectivity in the mid 1011 cm Hz1/2/W region at 243 °K

as a function of electrical bias and the detective time constant
as a function of electrical bias.

A two-color near infrared photovoltaic (Hg,Cd)Te detector has been
fabricated for the University of Michigan. The unit consists

of two single elements which were stacked in pyramid configuration
and a silicon substrate and printed circuit as shown in Figure 11.
The single elements were fabricated from two slabs of zone leveled
(Hg,Cd)Te with X values of 0.43 and 0.58 which are equivalent to
1.8 and 2.5-micrometer cutoff wavelengths at 300 °K. The junctions
were formed by proton bombardment through a thin passivation layer
of ZnS. The active area of the junction was defined by a proton
mask as 5.07 x 104 cm2, Indium contacts were evaporated through
0.002-inch diameter holes in the ZnS. The elements were diced

and assembled with a transparent epoxy interface layer. A typical
bottom elemernt is shown in Figure 12.

The electrical properties of the junctions were determined from
capacitance~voltage (C-V) and current-voltage (I-V) characteris-
tics. The capacitance showed a v-1/2 dependence, indicating an
abrupt junction. The zero bias capacitance at 77 °K was 1,55 pF
for the top elements and 16.2 pF for the bottom elements. The
differential capacitance indicated the substrate background con-
centration is 2 x 1016 ¢m=3, p-type. The I-V at 77 °K indicates
a series resistance of 12 Kohm for the top element and 1 K for
the bottom element. A typical I-V for a bottom element is shown
in Figure 13. The shunt resistance at 77 °K is 107 ohm for the
top element and 4 x 106 ohm for the bottom element. A plot of
the saturation current and RA product as a function of temperature
(Figure 14) indicates that the resistance and hence thermal noise
of the device is limited by the shunt resistance of the diode at
77 °K.

The frequency response of these devices is limited to 10 MHz by
the series resistance and junction capacitance at zero bias, or
50 MHz with 6 volts reverse bias.

The optical properties of the two-color detector are shown in
Figure 15, where the top element peaks at 1.8 micrometers and
acts as a cold blocking filter for the bottom element which re-
sponds from 1.9 to 2.5 micrometers.



The detectivity (D*,) is limited by the shot noise of the satura-
tion current or the thermal noise of the shunt resistance. This
D*) can be expressed in terms of the resistance area product (RA
ohm-cmZ)., At zero bias D*, can be expressed as

AT VRA

Dx., =3

Y
he 4kT
where RA = kT
qJ
o
J, = saturation current density
A = detector area '

or RA is determined by the shunt resistance. Cooling the detec-
tor reduces J, and increases RA until the shunt limit is reached.
Experimental data confirms this temperature dependence of detec-
tivity except for changes in quantum efficiency due to minority
carrier property changes. Figure 16 shows this temperature de-
pendence of detectivity.,

The current status of 2-color PV (Hg,Cd)Te is summarized in
Figure 17. The 77 °K performance can be improved considerably
above the current D*, = 6 x 1011 cm Hz1/2/w by increasing the
shunt resistance by improving surface passivation.
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Figure 1 S-192 (Hg,Cd)Te ARRAY
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LIST OF SYMBOLS



LIST OF SYMBOLS
for Section 2.2.1

MEANING
Absorption coefficient
Amplifier noise
Applied dc bias
Applied electric field across detector
Angular frequency = 2nf
Area of detector
Background photon flux
Boltzmann's constant
Dark electron concentration
Dark hole concentration
Detector length
Detector Thickness
Detective Time Constant
Detector width
Dissipated power

Effective generation term

Energy gap

Generation rate

Generation - recombination noise

Hole concentration

Johnson noise = AkTrdAf

Low frequency generation recombination noise
Low frequency responsivity

Noise measurement bandwidth

1/f noise

Plank's constant

C-2



SYMBOL MEANING

An Photogenerated electron concentration
Ap Photogenerated hole concentration

n Quantum efficiency

r, Refractive index

Ty Resistance

Tpc Response Time

c Speed of light

T Temperature

A Wavelength

c-3
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LIST OF SYMBOLS FOR SECTIONS 2.2.3 AND 2.2.4

MEANING

Sample -area

Speed of light in a vacuum
Sample thickness

Electron charge

energy

Electric field

Energy of the gap

Trap saturation energy
Trap activation energy
Energy at which N(E) = N(O)/e
Conduction band energy

Valence band energy

UNITS

2
cm

cm/sec
cm
coulombs
eV
V/cm
eV

eV

eV

eV

eV

eV

Maximum energy of operant traps (approx)EV

Trapped hole occupation probability
Trapping gain

Generation rate of excess carriers
Planck's constant

Spectral irradiance

Current

Boltzmann's constant

Sample length

Effective hole mass (normalized)
Effective electron mass (normalized)
Density of trap states at energy E
Total density of traps

Density of traps at E = 0

Total concentration of electrons in
the conduction band

C-4

cm-3-sec-1
erg-sec
watts/cm2
Amperes
eV/ °K

cm
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LIST OF SYMBOLS (CONT)

. MEANING

Intrinsic carrier concentration
Equilibrium electron concentration
Excess electron concentration
Total number of trapped electrons

Equilibrium trapped electron
concentration

Excess trapped electron concentration
Nc exp [(Ea-Ec)/kT]

Effective density of states at the
valence band edge

Effective density of states at the
conduction band edge

Acceptor impurity concentration
Donor impurity concentration

Total concentration of holes in
the valence band

Equilibrium hole concentration
Excess hole concentration

Total number of trapped holes
Equilibrium trapped hole concentration
Excess trapped hole concentration
= NVvexp[(EV-Ea)/kT]

Trapped hole occupation probability
photon

Total photon flux

Background photon flux

Signal photon flux

Sample resistance

Room background photon/flux

C-5

UNITS

ph/s-cm2
ph/s-cm2
ph/s-cm2
ohms

ph/s-cm2



SYMBOL

< S

sig

€

4 a3

SR

3

inst

LIST OF SYMBOLS (CONT)

MEANING

Responsivity at wavelength A

Excitation rate of electrons
valence band to trap

Excitation rate of electrons
conduction band to trap

Excitation rate of electrons
trap to conduction band

Excitation rate of electrons
trap to valence band

Hole capture probability per

Electron capture probability
time

Temperature

Time

Signal voltage

Sample width

Effective quantum efficiency
Lifetime .
Shockley-Read lifetime

Instantaneous lifetime

Wavelength
Conductivity
Electron mobility

Hole mobility

C-6

from

from

from

from

unit time

per unit

pm
mho/cm

cmZ/V-s
cmZ/V-s



