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Iw PREFACE

This is the final technical report for NASA Contract NAS9-14180,
Modification 55, ent.itled "Detection of Long Wavelength Infrared at Moderate
Temperatures"”. This report covers work performed during the period frem
November 1, 1975 through March 15, 1977.
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This work was performed for NASA Lindon B. Johnson Space Center,
Houston, Texas by the Honeywell Electro-Optics Center (EOC) in Lexington,
Missachusetts in cooperation with the Honeywell Corporate Research Center
. (CRC) in Bloomington, Minnesota.

—~—a -
.
L]

d The Contract Monitor for this program was Mr. James E. Kessel of NASA

) Lyndon B. Johnson Space Center. Mr. Richard R. P'ichard of NASA Lyndon B. Johnson
Space Center initiated this program and was Contract Monitor during its initial
months.

N

The Project Engineer for this pregram was Dr. Timothy J. Tredwell and
. the Program Manager was Dr. Maricn B. Reine.

Due to the wide diversity of areas investigated, the program required
contributions from a rumber of people. Section 2 ("Signal and Noise in Quantum
Detectors") and Section 3 ("Materials for Quantum Detectors") were prepared by
Dr. G. D. Long of Honeywell Corporate Research Center with assistance from
Pr. Paul Peterson and Mr. S. Schuldt also of iloneywell Corporate Researcn Center.
Secticn 4 ("Present Performance and Ultimate Limits of Photodiodes') and Section
5 ("Present performance and Ultimate Limits of Photoconductors') were prepared
by Dr. T. J. Tredwell with assistance from Mr. S. J. Tcbiu. Section & {("Pyro-
electric Detectuers') was prepared by Di. P. C. Leung with assistance from
Pr. A. M. Chiang, and Dr. N. R. Butler. Section 7 ("Conclusion and Recommendations")
was prepared by Drs. T. J. Tredwell and G. D. Long.
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SECTION 1

INTRODUCTION

Detection of infrared 1idiation in the 8 to 12 micrometer spectral
band has found widespread application during the past two decades for a variety
of space, military and industrial applications. The atmospheric transmission
window at 8 to 12 micrometers, combined with the occurrence at approximately 10
micrometers of the peak ir che spectral power distribution for emission from a
300 K blackbody radiator, have nade this band important for collrction of thermal
information about the earth frcm a satellite. N

For satellite-based applications, the operating tempevature of the
detector is of critical importance. For multi-spectral sersors, the visible
channeis may be operated at 300 K and the channels in the 1.55-2,35 micrometer
snectral region may be operated at 193 K - 250 K. However, detectors for the
8 - 14 ym channel require coaling to 60 ~ 90 K. On the one hand, 4s the oper-
ating temperature 1s increased the detector sensitivity decreases rapidly. M
the other hand, severe size, power and weight constraints for space operation
dictate as high an operating temperarure as possible. Thus, development of
infrared aetectors which are capable of cperating at elevated temperatures witkh
adequate sepsitivity has substantial payoff in terms of sensor weight and cost.

1.1 PROGRAM OBJECTIVES

The objective of this study was to define the most promising technical
approaches for the advanced developuent of 8-12 mizrometer detecto:s operating
at elevated temperatures. The investigation consisted of three tasks. The {irst
task was to determine the theoretical 1limits to performaunce of 8-12 ricroneter
detectors. The twe classes of detectors considered were quantum detactors (photo-
conductive and photovoltaic) and thermal detectors (pyroelectrics, bLolometers etc).
An analytic model of signal and noise in both quantum detectors and pyro-.2ctric
detectors was developed and candidate materials for both detector types identified
and examined. The second task was to determine the present status of toth quantum
and thermal detectors and isolate the parameters simiring operating temperatu e
ard detectivity. The final task was to identify the areas of research and develop-
ment likely to lead to detector performande near the theoretical limit.

1.2 PROGRAM SUMMARY

The two classes of detectors considered for Cdetection of 8-12 micrometer
radiation were quantum detectors and thermal detectors. «Quantum detectors include
photovoltaic detectors (such as p-n junctions, hetercjunctions, Schotthy barricr
photodiodes and charge storage (CID) devices and photocenductive detectors, both
irtrinsic and extrinsic. Thermal detectors include boleometerc ana pyroclectrie
detectors, Of the thermal detectors, the pyroelectric appedared to offer the Leet

1-1
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prospects four most NASA applications and was the only thermal detecror studicd
in detall.

The fiist task was to determine the theoretical limits for vlevatea
temperatur * operation of 8-i4 um quantum detectors. Due to the rnherent disad-
vantage of extrainsic quantum detectors in operating temperature as conpared to
intrinsic quantum detectors, o' ly intrinsic detectors were considered in detail.

The theory of intrinsic quantum detectors is considered in detafl in
Section 2. The signal mechanism is creation of electron-hkcle pairs by incoming
radiation; the noise mechanism at high temperatures is thermal generation of
electron-hole pairs. It was found that there is a theoretical 'imit to detectivity
for quant.m detectors which depends only on the bandgap of the semiconductor for
E , the orerating temperature T, and the index of refraction of -he semiconducior |

n?
0.32 h
D} = EB m "8“ W ©XP (Eg/2kT) (1.1) . -
8

vhere A 1s the wavelength, k 1s Boltzmann's constant and h is Planck’'s constant.

In order for a quantum detector to achieve that limit a number of condi-
tions must be met. The nmust fundamencal of these 1s a condition on the minority
carcier lifetime. The maximum D#%) can be achieved if the minority carvier iife- -
time is limited orly by radiative recomviration.

In addition, it was found that for a photodiode or photoconductor to
achieve the theoreticil limit ro detectivity, the semiconductor volume rust be
reduced to that necessarr o collect signal. For a photodinde this can be achieved
by an electrically-reflecting backside contict, a device desiygn originilly developued
for silicon solar cells.

The sccond task was to ideatify candidate detector moterials rd determine
material parameters. It was detcrmined in Task 1 that all semicondu:tor naterials
of equal band-ga;s could aciieve approximately the same detectisity if thex could
achieve mincrity -carrier lifet:mes limited only by radiative recombination. Thus,
the primary objective of the study of materials for quantum detactors was to
determine if any presently used material or any new material could achieve lifetines
limited only by radiarion recombination.

The other recombination mechanisms which can limit lifctime are Auger
recombiration and Shocklev-Reud recombination. Shockley-Read reconbinatior depends
on the defects 1n the semiconductor and as such is not an igheraent limitition. Auger
reconabination 1s a fundameatal limftation znd depends strongly on se—iccrductor
band strur turces. Cn this jropram the general dependence f Avger 1ifctime on
band structure was examincd and calculations of Auger lifetime werc e for both
p-type (Hg,Cd)le and degencrate n-type (Hg,Cd)Te.
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\ Actual 8-15 yn detaector materials fall well below the theoretical
liqit. Tne present performance of 8-14 um photoveltaic and photocondnctive
detectors was examined. fhe objective of Task 3 was to assess preusent perior-
mance Jat vl:varted tewmperatures, model the availlable data to i1solar~ the poram-
eters limiting peiformance and finally co assess what irprovement i1s possible.
The results of this study are reported in Section &4 for photovoltaic detectors
and Section 5 for photocunductive detectors.

In addition to quantum detectors, thermal detectors were #l1so examined
on this program. The thermal detector judged mest likely te fulfill future NASA
requirements was the pyroelectric; this type of detector was examined in detrad?ll.
Pyroelectrics offer a {undamental advantage over quantum de*ectors in that they
operate at room temperatures The disadvancages include low sensitivity, poor
frequency response, low .».:. afL¢: .ier requirements gnd difficulty in achicving
high sensitivity in small area elements.

Of these disadvantages the low detectivity at moderate frequencies appears
to be the most important. The theoretical limit to detectivity for a pyroelectric
1s 1.8x1610 em Hz?/W. The best present detectors approach within a factor cf 3 of
the theoretical limit at low frequencies (10 Rz) and large element size (0.6 mm dia-
meter). The parameters limiting present pyroelectrics were eramined and the
developrent needed to achiesve theoretical limited detectivity at mederate frequen~
cizs and small element sizes were assessed. The results of this study are given
in Section 6.

Finally, based on the results of this study a number of conclusions ezerged.
These are summarized in Section 7 along wiith recommendations for further developwent.

AR )

TNAL PAUE o

| T roor QAT
-3 =

77-1-6




—— Loane [ ]

Ky

Py  foed ey

sy

SECTLCN 2
QUANTUM DETLCTORS: SIGNAL & NOISE MECHANISMS

2.1 INTRODUCTI1ON

Infrared quintunm detectors must be cooled to achieve very high
detectivity at long wavelengths., The longer the wavelength of maximum detector
response, the lcwer must bce the detector operating temperature. It is desirable
in practice to be able to operate a detector with iunimum cooling, i.e., at the
highest possible temperature.

We address here in Section 2 the question of how the signal and noise
mechanisms limit maximum possible operating temperature of an infrared quantum
detector. In doing this we Jdetermine the spectral detectivity D*, vs temperature T.
We analyze this question from a very fundamental point of view by deriving the
theoretically achievable detector performance, assuming that the detector performance
is not limited by crystal cefects in the active material of the detector cr by the
technology of detec.or fabrication (surface treatment, electrical contacts, ecc).
Thus we assume essentially perfect detector material and device technology in
this fundamental 2nalysais.

fany empirical stuiies have zlreadv been made of detectivity vs tumperature
in photovoltaic and photoconductive detectors, but the samples studied may not
have had optimum properties. We want to establish the basic theoretical potentialitie:
of tha photoveltaic and intrinsic photocondnctive modes with respect to operating
temperature, because they are the rderection modes used in photon detectors. We do
not cunadider extrinsic photen detectors, because 1t is well known that they:always
require lower operating temperaturcs than the intrinsic detectors. Nor do we
consider thermal detectors here (e.g., pyroelectrics).

We want to dctermine the temperature deperdence of the maximum possible
d-tectivity of a photon detector. The (spectral) detectivity D*X is given in
general by:

/ /2

D = R (I )A1 2(Af)1
Al s

A /In; (2.1)

see Table 2.1 for definiticn of symbols, The total noise current X is the
summatica in quadrature of the several different noise mechanisus limitirg D*,.
In the following analysls we wil! assume that only the fundamental internal cise
mechanisms in the detector are important; f.e., we will neglect such extrareous
mechanisms Jas 1/f nolse and noise in the signal-processing electronics, anu will
also neglect noise due to carriers generated by backgrourd rad.aticn. This
assunption is consistent with our objective of deriving the best theorctically
achievable perforrance. However, this assumption must not be fcoipotter, because
In practice these extrdncous roise mechanisms may often not be negligible.
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Table 2.1
DEFINITIONS O SYMBOLS

Detector area absorbing photon flux

Spced of light

Carrier diffusion coefficient .-
Spectral detectivity

Electron

Energy of carrier

Energy gap

Frequency bandwidth

Caxneration rate of carriers, thermal generation rate
Photoconductive galin

Planck's constant

Hole i

Photocurrent due to background radiation

Noise current

Signal currert

Llectron or hole wavenumber

Boltzmanu's constant

Photocunductive detector length

Carrier difrusion length

Intrinsic carrier concentration

Quantity in p~type region '
Electronic charge

Detector resistance

Radiative recombination rate

Spectral respousivity

Photoccanductive detector thickness in direction of photon flux,
or thickness of active layer in phitovoltaic detector

Absolute temperature

e

Applied voltage

Space-charge layer width
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Table 2.1
DEFINITIONS OF SYMBOLS ‘{continued)

. e e it e

Optical absorptién coefficient
Quantum efficiency

Photon wavelength . : .
Carrier mobility ‘ .
Carrier lifetime

Photon flux density from background
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In the following subsections we wiil first analyze the photovoitaic
ncde to determine how 1ts maximun possiblc detectivity depends upon tenperature.
Then we wil!l compare the wore corplicated intrinsic phntoconductive wode with
the phutovoitaic. Finally, we will draw conclusions from the results of these
analyses, including their implications with respect tc detector materials,

2.2 PHOTNVOLTAIC DETECTORS
2,2.1 General Theory

We will treat only pn junction photovolta-c detectors. TPhotovoltaic
detectors are sometimes made alternatively as Schottky barriers, but even then
the active region of tne detector 1s often a pn jurctioca within the matceraal
forwed by surface-layer typc inversien. Shot noise iy the ign?aqegsal zechanisnm
in photovoltaic (ps) detectors. The shot noise current is: '~°

I
2 . sat
I “(pv) = 2q [ ~p (qV/Bk_T) +1) aAc (2.2)
n e B ‘
in a detcctor wiith a diode current-voltage characteristic of the form:
1= Isat [exp (qV/CKBl) -1], (2.3)

wnecre I is the reverze-vrased diode saturation current. We have 8 = 1 1in an
ideal pgaxunctlon in which there is only minority-carrier diffusion current., If
electron-hole generatior and recombination in the space-charge rceion of the pn
sunction also provided current, then we would have 1 < B < 2. The current
responsivity is:

RA (Is) = gqni/he, (2.4)

since G = 1 in a pv detector. Substituting equaticns 2.2 and 2.4 into
equatron 2.1, we get:

- nA
D*A(pv) = ISJt .
v2he Pak [%xp (QV/FAT) +l]

In practice a pv detector is Invariably coperated either unbiaesed (V = O
or with a reverse (negative) hias voltage, so that the terms in square ovrachets
1 equation 2.5 lie between 2 and 1, causing a v2 variaticn ir L¥, Th2 problen
of maximi1zing D*) mainly involves minimizing T , as well as ma)inxzzng the
Guantum eLiy “1ency 1. sat

(2.5

77-1-6




——

Photovoltaic detectors are often characterized alternatively 1in termr
of their "R A products," where Ro 1s the dynande juaction resistance at zero
bias voltage (V = 0) and A is the jurction area. Since:

-1
dI
R © (dv) . (2.6)
o
we get from >quation 2.3:

-1
R o= Voo 27
° Bk T

for V = 0, and then fror equatjon 2.5 we get (at v = 0;:

m R A
* - = ? ——— o
D A(pi) —-th ” T (2.8)

as the relationship between D* und R A. It is sometimes cenveuiont to use
RoA’ because this gqudntity is s0 easxfy measured on a3 pn junction,

2,2.2 Simple »n Junction

A general rocel of a p?z?Y?Ction pv detector is shown in Figuve 2.1,
following Meirnzailis -nd Harman, The junction saturation current 1s
composed 1n general of fwo components: current due to diffusion of minority
carriers in the p- and n-type reglons and current due to generation cf electron-
hole pairs within the junctiou space-charge laver of width W. We can rcduce
I by doping both sides of the junction quite heavily to make W uarrow and
tﬁgtm1nority-carrler cnncentrations low. The space-charge layer width W can
aoften be made narrs:s <nough that the generation current is negliginsle compared
to the diffusion current, and this is the desired "best case." Furtheruore,
the D*A or ROA product must ultimately be limited by diffusion current as thz
detector operating temperature is raised, because the diffusion cu~rent increases
the most rapldly with temperaiure; see licure 4.1. There will be no luss of
generality in our conclusions by assuming for simplicity that the p-type region
in Figure 2.1 i3 wmuch less lieavily doped than the n-tjype region and of such
a design that hole dif{fusion current in the n-type rEgion can be neglectcd;
however, we will discuss this assumpticn further later in 2.2.3.

2.
Then we have the familiar expression:( 3

AD Al
qe n q CnB

- [ - (2 9)
sat Le Ot'e
; 2-5 3
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for the case »n which the electron diffusxog length L << t, where t is the
width of the p-type region, we have used Le = DeT in deriving the second
form of equation 2.9, rqfqtiyn 2.9 also follows dfrectly from the analysis
of Melngailis and Harman, '~ their equaticn 37, since coth (t/L ) 5 })whcn
L << t. Fron the "gencration-recombination theorem" of Eurgess.e 2. we
kgow that the therral generation rate cf minority carriers satisfies:

Bun = PAL/T s (2.10)

where At is the total volure of semiconductor, within which carriers are thermally
generated. Substituting equation 2.10 into the second form of egquation 2.9,
we get:

1 L
sat e
o T By e (2.11)

and substituting equation 2.11 into equation 2.5, ve get:

A At
D*A(pv) = %l_\? VE—— R (2.5a)

L
th e

where we have assumed that 8 = 1 and also that exp (qV/kBT) = 1 which means
vV = 0.

Another pQtentially useful C?EPS s when t<< L and the back contact
is a "reflector" of minurity carriers. = Such an "eiectrical]y reflecting”
contact corresponds to the boundary condition dn /dx = 0 on the mincrity-carrier
concentration gradient at that contact. See Secfion 2.3 for a discussien of
this kiud of contact. This boundary condition can be realired in principle by
an abrupt p -p barvier, i.e., by making the back contact in Figure 2.1 be a more
heavily doped (p ) p-type region. If the p -p space charge layer is thir enough
tEat generatioa current {rom it can be neglected, and if ciffusion current ir the
p region is also negligible, then the above boundary condition will apply exactly.
It can be shown that for this case of a ¥Sfi§cting contact one obtains in the
general result of Melngaills and Harmar, ~~° their equation 37, tanh(t/1 )

instead of coth (t/Lc). Then when t << Le, the saturation curvent is givgn
simply by:

1
sat

3 = 3ch (2.12)

as the unalog of equation 2.11, since tanh (b/L ) = b/L . Substituting
equation 2.12 into equation 2.5, we have: € ¢
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nA { A
D* (pv) =~ — (2.5b)
A 2hc ‘l gth

again assuming B = 1 and exp (qV/kBT) = 1.

We must now deternmine which case, equation 2.11 or equation 2.12, can
give potentially the lower I and therefore the better photovoltaic detector
at a given temperature. Congiaer L and t. The p-type region in Figure 2.1 -
need be only thick enough to absorb®most of the infrared signal radiaiion so that
the quantum efficiency can be high. An absorption thickness of 2.5 will
absorb over 302 of zhe ugreflected radiaticn. For any known se¢miconductor one
figds q = 10_ to 10 cm near the A wavelength, so that we mus. have L or
t > 2.5 x%x 10 to 2.5 x 10 © ¢em to aggorb the radiation usefully. There is
notking to prevent making it small enough to satisfy this condition, provided
we can achieve the dn /dx = 0 boundary condition, hecause t is simply a geometrical
parameter. However, Be 1S determined by material paramecers 1in the p-type region.
How small can Le be? Using the Einstein relation (gD = ukBT), we have:

L = = ‘ k . .
e DeTe ‘ ucTe BT/q (2.13)

The values of p  and T can cover wide ranges in variovus semiconductors and as
functions of temperature. However, here we are ccrsidering quite pure material
(and consequently relatively long carrier lifetimes) and semicunductors with
relatively narrow energy gaps (and consequently rather high carrier mobilitie ).
From exgerlggce we can estimate that often we will have values of 10 cm_ Vg
anc 1 > 10 s, at T = 77K for exanple, equation 2.13 would give L 3 x 10 7 cm.
Thus.ewe can expect that usually L will be larger than t need be to absorb necarly
all the radiation, and that, there?ore, the case of equation 2.5b will yield the
lower value of 1 . In other words usually we will have L /t > 1, so that
equation 2.5b wliitgive a higher D*A than equation 2,5a.

vove

l.e must next consider the temperature dependence of D* , We require

1 small to achieve hipgh D* . The dominant temperature dependence of 1

is througu g  , which increases with temperatures, see equations 2.11 andsatIZ.
The L in ccuation 2.11 may also depend upon temperature, but only weakly sv.
Thus ghe magimum operating temperature of a pv detertor will be that at whi-h
g is so high that I can no longer permit the required D* . c(learly, for a

ih al f 3t maximum temperature will be higher for whichever len h
given value of p _, that maximum tempe g e gth,
L, or t, is lower. We have alrecady argued that t can usually be smaller than
Lo in tl=2 case of equation 2.11, so that the case of equation 2.12 will usually
permit the highest possible cetcctor operating temperature. Thus, a conclusion
of this subsection on photuvoltaic detectors is that to maximize the detector
operatiny temperature, one must usually make the pheotovoltarc detector with an
"eiectrically reflectiny” rontact. This conclusion assumes, of course, that the
"reflecting" boundary cond.tiun can be achieved.
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2.2.3 Heterojunction

A “heterojunction” is a pn junction between semiconductors having
different cnergv gaps. We will discuss briefl now such a junction can be useful
in optimizing the performince of a photovoelta!. infrared detector.

For comparable doping levels 2nd carrier diffusion lengths, the side
of the heterojunction with the wider energy gap will contribute less dark curreat
than the narrow gap side, and far less 1f the difference in gaps is considerable.
The pv detector can be designed so that the photodetection occurs by carriers
photoexcited in the narrow gap region, and with the wide-gap region on the fronmt
side faciug the radiation to be detected. The wide-gap region then has several
useful features:

. It acts as a window to transmit the radiation to be detected to the
pa-junction and narrow gap side.

. Thig window "cuts off" or becomes opaque at a wavelength rorresponding
to its gap, so that it can exclude undesirable background radiation
of shorter wavelengths.

. The wide-gap layer isolates the photoexcited carriers from the bare
front surface of the detector, where their recombination rate could
be very high.

Thus the principal utility of a heterojunction is not an the pn junction
irself, but rather in the advantageous features of the wide-gap side. The thoory
developed earlier for a simple pn junction still applies here, since i1n that
analysis we had assumeu. diffusion current from only one side of the pn junction
anyway.

Heterojunctions are often used in high-perforrance solar cells for essen-
tially thle same reasons a. those cited a2bove. And they have sometimes been
incorporated into the design of pv infrared detectors, especially those made
of lead salt compounds and alloys.

2.3 "LLECTRICALLY REFLECTING" CONTACTS

The primary goal in developing an infrared detector is tc achieve
background noise limited (BLIP) performance. To do this we must make the "darlk"
noise of the detector negligible compared to the background noise. In a photo-
voltalc detector the dark noise is shot noise and is proportional te the dark

leakape current of the device; thus, we must minimize the leakage current. Let
us consider how to do so.
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The model in Figure 2.1 is general enougn to account for tne properties
of any pn juncticn photovoltaic infrared detector. Carriers are photoexcired by
the radiation hc/A, #nd most of those within a di{ffusion length of the ,unaction
are separated by the junction field to give a phot,voltage. We can simplily
the undevstandinug of this detector model without losing ~-ny essential physics
by assuring the n-type region to be thin and more heavily doped than the p-type
region, so that the junction current is controlled by photoexcitation and
diffusion of carriers in the p~type region. Actually, this 1s often the way
such detectors are designed in practice. Also, we assume that generatlon-
recombination current from the junction space-charge layer of width V is
negligible; this is the "best' possible case, becaure the junction current is
then due only to minorjty-carrier diffusion and is, therefore, minicunm.

So we have a pn junction detector in which the cark leakage current is
due to diffusion of minority-carrier electrons from tiie p~-type region within a *é‘
diffusion length Le of the junction. In most semiconductor materials with

reasonably high carrier mobilities and not terribly short carrier lifetimes, the
diffusion length is > 10 um.

The infSareg absorption coefficient near the intrinsic absorption edge \\\
is typically > 10" cm =, so that the absorption lsngth, that thickness witanin '
which most of the radiation is absorbed, is < 10 ~ cm (=10 um). Thus the '
p-type region in Figwe 2.1 need not be thicker than roughly 10 micrometars to
absort mest of the radiation. Why not make it thicker anywry? Well, we must /
still mipnimize the dark leakage current, and tne thinner the layer of p-type f
material from which electrons cs be extracted fcr the leakape current, the |
lower that current will te. So r'e want the p~type region to be as thin as (

possible while still thick enoag* 10 absorb most of the radiation. Of course, |

1f it 1s then thinner than a di>‘*usion length, which it usually will be, the '\
back contact is within "range' ot the junction as a possible source of carriers / \*¥
to be extracted by the junction. /

Trus the problem of minimizing the dark leakage current reduces to
that of making *he back ~ontact a 'non-source' of minority carriers. This non-
source property is not cotained with an ordinary neutral metallic ohmic contact,
because such a contact acts as a high recombination - or generation-rate surface

and is therecfcre an excellent source of minority carriers; in fact such a /
contact less than a diffusion length from the junction gives a lJarger leakage /

current than if the p-type repgion were very thick.

+
L

Whet we need is a "p contact”; i.e., the back contact nust be made such
that 1t is a heavily-dopeu semiconductor layer having fewer mincrity carriers
than the p-type cegion. This type ol contact 1s illustrated in comparison with
a conaventional pv detector desagn in Figure 2,2 The same kird of result couid
be achieved instead by grading the doping in the p-type regior away from the
contact (moving tc the left of the junction in Fagure 2.1). By either method ve
reduce the number of minority carriers available to contribute to the dark
leakage current of the dav:ce.

2-10 .
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To be strictly accurate, we must realize that the diffusion current
is proportional to the gradient of the minority-carrier concentration. Thus,
if the carrier lifetime should increase strongly with carrier concentration, the
benefit of the p+ contazt or graded doping could be reduced or even cancelled.
It is cancelled in fact for pure Auger recombination, see reference 4.5 of
Secticn 4.

A p*-p (or n+-n) contact can be thought of as an electrical reflector
of minority carriers. This is becauge there is a »otential barrier to the {low
of minority carriers at such a contact, as can be seen by drawing an energy band
diagram. Minority carriers hitting the barrier are "reflected." In contrast, a
purely metallic contact, at which the quesi-Fermi levels in the semiconauctor
come together, acts as a sink for minority carriers.

1nhe jmportance of the nature of the back contazt to photovoltaic s
detector optimization does not seem to be adequately recognized. One might
argue that people usually make the back contact with a metal containing a dopant
of the same type &8 the semiconductor just to be sure to get a low-resistance -
cont.ct, so that they are using the correct approach anyway even if not realizing
1t. however, the full advantage can be achieved only if the heavily-doped region
is less than a minority-carrier diffusion length from the pn junction. Clearly
undarstanding the role of the bactk contdct in detector optimization should help
toward obtaining the best possitle contact. -

The(go%}owing excerpt from a recent review articla on silicon solar
tells by Wolf' ™’ has arguwents similar to the above:

“Regions of high recombination rates, such as surfaces and particularly

ohmic contacts, can act as minority carrier sinns in competition with the
barrier field 1f they are located within a few diffusion lengtihs from the
barrier. This effect takes place ia thin cells with long diffusion lengths,
where the ohmic contact covers the back curface of the cell. Incorporation
of a positive impurity density gradient toward such & high recombination
region creates an internal clectric field which reflects the minority carriers
away from the sink, thus neutrulizinv its effect. 1f such a fiell is
1ncorporated in front of the back surface contact, one talks of a "3SF

cell"” (back surface field cell)."

b

This excerpt is an example of how the importance of the back contact
is well recognized by people developing solar cells of high conversicn efficiency.

Further work needs to be done on this topic to determine how to minimize
the dark leahage curient of a2 pn junction photovoltaic detecteor by using all
poseible nethods (“electrically reflecting” back contact, graded doping in
p-type repion of the Figure 2.1 example, etc). N

77-1-6




- .

-1
LI Y

b

- Y~ - .- .«
< T W vt erry Iy v AC s et g P NS N . - M

2.4 PHOTOCONDUCTIVE DETECTORS

The theory of an intrinsic photoconductive detector is considerably
morc complicated than that of a photovoltaic detector. We cannot cover all
aspects of the photoconductor theory in this report, and scme ol it is in fact
still incoaplete. Yowever, we will carry the theory far enough to establish
the intercompdarison of photoconductive and photovoltaic detectors for the
objectives of this project. We will first sumrarize the theory in general, and
then consider some of its detailed aspects.

2.4.1 General Theory

A schematic model of this detector mode is shown in Faigure 2.3.
Generation-recombination (gr) roise and Johnson noise are the fundamental mechanisms
in photoconductive (pc) detectors. The total noise current can be writtex as:

KT
2 2 kg
1 %(pe) 4q[qgthG + o ]Af‘ (2.14)

The first term in the brackets in equation 2.14 represents gr noise due to

thermal equilibrium car.iers ir the semiconductor; this term can be derivea

from the more .ommon expression for gr noise. The second term represerts the
Johnson noise, where the photoconductor resistance R can vary with the background
photon flux density. The photoconductive gain G in equation 2.14 generally depends
upon the bias voltage applied vo the photoconductor. At high bilas voltages
minority-carrier sweepout effects occur and the gr noise terms must be multiplied
by a numerical factor a, where 1/2 € a € 1. The current resporsivity of the

pc detector 1s:

R, (L) = qnAG/he, (2.15)

since one can have G # 1 ir a photoconductor. Substituiing eguations 2.14 and
2.15 into equation 2.1, we pet:

ni

D* (pc) = ' (2.16)
A Beny . kBT
2hc A vt T
A QZGZRA

The probiem of maximizing D* in this detector mode is more complicated than for

pv detectors, because two terms must be minimized in tihe denominator of
equation 2.16,

The second term under the radical in equation 2.16 essentially dictates
the choice of photoconductor material. To be suitable at all, a phetoconductor

material must offer high photoconductive gain G and/or high resistance R. The
gain is given in generzl by:

2-13 AGE I3
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SCHEMATIC MODFL OF A PHOTOCONDUCTIVE DETECTOR
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G = 1/t, = b ute ., (2.17)
d b .

where 1 and T are the mintrity-carrier mobality arnd lifetime, b 1is the

mobility ratio, and t 1s the drift time of a mirority carrier En the electric

field € biasing the pgotoconductOt. The gain can be enhanced by increasing

€, but mirority-carrier sweecpout will evant.ally cause a saturation of G.

Another method of gain enhancement is to operate under conditions in which
minority-carrier trapping effectively reduces the mfnorfty-carrier mobility

and thereby increases the effective mobility ratio b , even without trappaing,

so that G can be very high. However, as the operatihg temperature rises, G

may drop irom one or more of the following causes. The lifetime T decreases
exporentially with increas:ing tetperature when only intrinsic recombination -
mecharisms are active (r-diative, Auger). Also, the detector resistance, R,

drops exponentially wich temperature when the semiconductor becomes intrinsic,

making 1t more dififcult to apply a high € without excessive Joylg heating. Of
course, this drop of R also acts directly to increase the k_T/q G RA term in )
equation 2.16. The conclusion of this paragraph is that th?s term must be

evaluated carefully as a function of temperature for any photoconductive

detector to determine whether or not 1t will limit the maximum operating tempera-

ture. If we assume that this term can be made neg'igible, then the other term

in equation 2.16 will limit the maximum operating temperaturd, in which case

equation 2.16 reduces to:

D* (Pc)=ﬂl‘_ /—..A—.

2.16a
A 2he v Ben ( a)

This cquation is identical to equation 2.5b for the best-case pv d=trector

2.4.2 Detailed Theory

We have outlined the theory of an intrinsic photoconductive detector
in general terms above. Were we will consider many of the detailed aspects of
the theory, to identify the conditions required to satisfy equation 2.16a. Special
attention will be given to the effects of background radiation, which must be

taken into account as an inseparable part of the problem for an intrinsic photo-~
conductor.

1f ¢ photons/cmz-s of A <« Acn are 1ucident on « photoconducror, nd are
absorbed and converted into piiotoexcited electrons, where r; is the quantum
efficiency. These photoexcited electrons reduce the resistance of the photo-
conductor. If the photoconductor current is held essentially cunstant by means
of a3 high series load resistor, the reduced resistance is measured as a decrease
in the IR drop across the photoconductor. Tne spectral (voltage) responsivicy
is defined 1in this case as the incremental racte of change in voltage (dV) with ¥
respect to the incldent signal radiation power (dW): >
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R, = [dv/aw] = (1/2w) (M /he) [dv/as], (2.18)

where
dw = (W) (he/A)d¢

is the power in watts corresponding to the flux density d¢ falliug on the
detector surface area 2w, 1If the erternal circuit is a voltage source instead
of a current source, the response 1s medasured as a change in current and the
spectral (current) respousivity may be defined:

R, = |d1/dv} = (1/%w)(A/hc)|dl/dd]. (2.19)

The absolute marks have been added to equations 2.18 and 2.19 to show that the
magnitude of the change is relevart but not the sign.

In proceeding with the derivation of R,, it will be observed that the
resistance change, and hence the electrical signal, may depend on any optical
bias such as background radiation. The otserved signal corresponds to the
change in resistance belween optical blas only and optical blas plus signal
radiation. If the optical bias is large, the resistance change ray differ,
because of nonlinear material properties, from that for low or zero optical
bias. The nonlinearities begin to show up when the density of escess electrons
maintained by the bias radiation is comparable to the thermal densities n and
P . This conditior is likely to hold in (Hg,Cd)Te when the background 1soa
380K blackbody.

It i{s assumned that the photoconductor material is perfect to the extent

that all thermal ana optical transitions are between the valence and conduction
bauds; i.e., trapping and Shockley~Read recombination processes are negligible.
Then for the excess (photoexcited) carriers, An = Ap. For the moment, the
effects of ambipolar drift in the applied electric field will be ignored, and
An, Ap will be assured constant throughout the material.

From Ohm's law for a constant cuirent and a resistance change d2,

av = (V/QB)dQ, (2.20)
or for a constant voltage,

dl = -(I/QB)dH. ‘ (2.21)

where the B subscript denotes the steudy state value at the optical bias level.
Equations 2.18 and 2.19 then berome:

RA(vnltage) = (l/fw)(klhc)(V/QB) |d0/d¢| (2.22)
R, (curreat) = (1/2&)()/hc)(I/QB) ldgu/de|. (2.23)
2-16
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If n_ a=! Py wre the electron and hole densities atr the optical bias
level, Ly 18 tﬁe aole mobility and b is the mobility ratio, the resistance QB
is expressed:

QB = El[wtq(an + pB)uh], (2.24)
so that the derivative, accordirg to the conditiorn dn = dp, is:

[dR/do] = 2. - (dn/do) - (b + 1)/(bay + pp). (2.25)

In order to evaluate dn/dd, we note from statistical balance at the
two different steady states, neglecting drift, that:

R(nB) = n¢8/t, (2.26)

R(nB + dn) = n¢B/t + ndé/t, (2.27)

where R is the net thermal recombination rate at the bias plus signal radiation
level, and nt_/t, ndé/t are respectively the bias radiation a.d sigral radiation
photoexcitation rates. If R(n_, + dn) is expressed as a first order expanslon
about R(nB) ana equation 2,26 subtracted from the result, it follows that:

d
[E; R(nB)] dn = nd¢/t. (2.28)

d . -1
The inverse, [E; “(ng)l » 1L the well-known lifetime of added carriers, or
incremental lifetine, (nB). It is the lifetime of the ecxtra curriers generated
by the signal d¢ when ny, 1s tie steady state electron density maintained by the
background ¢B. According to this definition, equation 2.28 becomes:
dn/d¢ = n‘?(nn)/t. (2.29)

On substitution back through equation 2.25, the responsivity expression 2.22
becomes:

Rx(vultage) = (1/8wt) * (./he) * W3 (na)(b + l)/(an + pB), (2.30)
and Rx(culrcnt) is the samwe dut with I substituted for V.

It is significant that the responsivity derived here contains the
incremental lifetime instead of the ordinary lifetime:

T = (nB - no)/R("B)’

. ORIGINAL PAGE IS
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which is often errcneous!) applied. At low optical bias levels (n A n ) the
differe.ce is not noticed s-nce T and £ are numerically the same. As g increascs,
both T and T decrease but not at the same rate. If ng - n, >> n, + P, the
1ifetimes differ by a factor of two or more.

The effective 1 is further reduced by minoricty-carrier sweepout due to
the applied electric fi21d. This also affects the concentration densities
n_ and p_ calculated from steady state balance. The details of these calculations
are give in Appendix A.

Under the conditions ascumed above of intrinsic generation~recombination
processes (An = AQ} zpd negligible sweepout effects, the low frequency (Tw << 1)
gr noise voltage ~~~ ‘ is given by:

1/2 1/2 1/2
2V (b + 1) 2 ~ .
v _-= * n-n)” > . [r(n )] (Af) , (2.31)
gr (£wt)1/2 an + Py B B

where n_ again is the average steady state electron density 35 optical bias,

Of 1is tge frequency bandwidth of the measurement, and <{(n-n_)") 1s tke varl?Bcg)
of the statistical fluctuations of n about ng. According t¢ the gr theorem'
the latter is given by:

uen ) = gln) T = rla) + Ty, (2.32)

where g and r are respectively the electron~hole generation and recombination
rates, which are equai in the sieady stzte. Hence,

2v (b + 1) [ ]1/2 ~ 172 .
V = = . laluy) - tly) - af) ", (2.33)
g-r (QW[)I/Z an-PB B B

Cquation 2.31 has sometime. .peared in the literature with the quantity
anB/(nB + p_) substituted for the variance. This is not generally valid according
to equation 5.32 except 1n case either that the optical bias is small >r that
Auger processes are unimportant comoared to radiative processes. The variance
is not equal to anB/(nB + pg) if nB -0z no + po and Auger effects are
important.

As in the case for R, corrections to the gr neise arc necessary to
account for sweepout elfects. 1These are included in Appendix.

The other fundrmental type of noise in photoconductors is the
Jolmson noise:

v [;kTQAf}I/Z,

J

1

(2.34)

2-18
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whece k = Boltzmann's constant, T » Kelvin temperature, 2 = reslstance, and
Af is the frequency bandwidth.

A measure of the ability of an infrured detector to produce an electracal
signal above the noise level is 1.3 detectivity. In terms of voltages the spectral
detectivity D*A is defins¢ by:

/ /2

/2, .1
D*A=RA(V3)(9.H) (4Lf) /vn, (2.35)

where Rivs) 1s the spectral voltage responsivity und "1 the rotal nonise:

1/2
2 2
Vn = [&gr + VJ ] . (2.36)

A rather corpact formulc {nr the photoconductor D*A is obtaired by
combining equations 2.35, 2.36, 2.30, and 2.33:

1/2
D*, (nA/th)[tg(nB)] M2 a8y, (2.37)
wherte
K = vgr/vJ (2.38)

and g(nB) is the tczal electron-hole generation rate:

n

2 Py 4B
g(nB) = Bn; + Gee(;-) + th (;—) + ﬂf— . (2.39)
o o

From equation 2.37 it {s appdarent that D* is maximized by making the
thickness and g(ng) spall while making K large. The B, Ge , and G factors
in g(n_) are strongly increasing functions of temperature. This 1s the princapa.
incentive for operating the photocon-uctor at low temperatures. If, on the other
hard, the temperaturez is so low that g(n_) is dominated by the last (background)
term, there is little point in reducing it further.

. "y 2,172

It is also desirable to have K »> 1 so that K/(1 + K) approaches
ite maximum of 1. Bv substitution for v._and v from equations 2.31 and 2.34 1t
i{s found that: Br J

2 1/2
k= beft Lomng) D (2.40)
. kT 24 an T PB
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The factor ((n-n8)2>/(bnB + pB) i{s roughly equal to ngP [(n + pB)(bnE + pxirl
~hich does not dejend strongly upon c?72temperature. Tgen cge temperature
dependeice of N is dominated by (T/T) " , whici clearly increases with decreasing
temperature., Hence, wmaximizing X is the second reason for operating the detector
at low temperatures.
nOB

If g(na) Sl (1.e., external photouexcitation greatly exzeeds thermal
ravy _eneration) and K >> 1, the background-limited perforrance (BLIP) is
approached:

(%) = zhey/ s )2

ATLLIP (2.41)

2.5 CONCLUSIONS

Thus both detector wmodes have the same thecretical maximum, represented
by either equaticn 2.5b or 2.1€a. To achieve high D* ,(max) in either mode one
nust have a low thermal generation rate g as well as high quantum efficiency
n. Material properties can afieczt D*A(ma£T only through g h and 1, assuming
that » is fixed by the desired detector wavelength response.

The potential maximum operating temperature for both detector modes,
pv and pc, is the same, provided that the detectors are made of the s21e material
so that gl is identical. dowever, one must usually make the photovoltaic
detector w&th an “electrically reflecting" back contazt if the pv detectorris to
rezch this maximum, this conclusion dees not seem to have been recognized in
previcss work on pv detectors. Oun the other hand, the intrinsic photoconductive
detector must remain ''good enouph”, in terms of hl"hzc RA product as the
temperature goes nup, that the neglect of the kBqu G Rs term assumed in
equation 2.16a is valid.

Let us now recall the foectors of 2 mentioned earlier. If the pv
detector were reverse biased with o large emough negative voltage, then the
achievable D*, would be vZ Ligher than that of equation 2.50. This factor of
/7 has often éeen thought of as a fundamental advantage of a pv detector over
a pc; however, the situation is n2t so straightforward. 1If an intrinsic pc
detector were operated in the miaority-carrier sweepout condition, its mean
square noise current would be multiplied by a cuefficient a, where 1/2 <ac 1,
and 1ts D* could be enbz.ced alse by up to /E: but this sweepout effect is not
yet understoci fully.
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SECTION 3
SEMICONDUCTOR MATERIALS

3.1 INTRODUCTION

In Section 2 we showed theoretically that the maximum possible D*X
of an infrared quantum detector at any temperature is given by:

nA A
D* (max) = n —_ (3.1)
A 2hc Sen

LCquation 3.1 applies to the "best-case" material and design of either a ohoto-
voltaic detector or an intrin,ic pnoteconductir @ detector. One can hepe to
increase D*, by a factor of up to ¥Z in these detectors by using large lias
voltages, but we will ignore that detail here.

Given that one can achieve the nearly perfect semiconductor crystal
material required by equation 3.1, the question is what intrinsic (defect-
independent) properties are required of that material to maximize the D* of
equation 3.1. There are three materlal-dependent parameters in equation 3.1:
A, n, and gth'

The waxinum or “cutoff” wsavelength A  which is near the peak D*_ is
fixed by the energ) gap of the semiconductor. € lloy semiconductors such as
Hg, Cd_ Te ard Po, Sn Te are especially desirable, since their energy gaps

n fe chUSted contindouslv over wide ranges, giving designable values of

A . However, an e'emental or cowpound semiconductcr can be just as useful
ifoits gap correspords closely to the uecessary A .

Any optimized detector will have ?3 inti'eflnctisn coating, so that the
quantum efficilency is weil approximated by:

n=1l-exp (-at). (3.2)

In an intrinsic detector material with negligible crystal imperfections, the
thermal generation rate will be equivalent to the sum of the band~to-band radiative
and Auger recombination rates; i.e.,

Byp, = AU(R+R,). (3.3)

Subscitution of equations 3.2 and 3.3 into equation 3.1 gives.

A l-exp(~at) / a
* = 0
D*) (max) = 212 R_+R, (3.4)

vee ¥
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The thi:kness t of the photodetective region of the detector will, of course,
be chosen to maximize the value of [l-exp(—at)]//at for the value of a of the
material used; this maximum occurs when Gt = 1.256 end is:

RN R S
D*A(max) 0.32 AR+ R (3.5)

We have now reduced the pruoblem to consideration of the two reconbination rates
and the optical absorption coefficient. One wants to minimize Rr anog RA and
maximize QO to maximize D*A'

3.2 AUGER RECOMBINATION
3.2.] Introduction

Auger recombination involves the collision of two electrons (or holes)
within the conduction (ur valence) band whereby one gains energy to be ch1to?3 1)
to a higher band state, while the other makes a transition to the other bana. =’
This recorbination mechanism is very much band-structure dependent. There 1s aot
yet a complete tneory of Auger recombination for all types of band structure, bat
the theory has been worked out for some materials which are used in infrared -
quantum detectors.

Pctersen(§§5$ndcd the theory for no?§d§§enerate n-tyove Hg _xCd Te
several years ago, and then Kinch et al, ™~ confirmed the thcory by
matching Jt with their carrier-lifetime data for n-type Hgo 8Cd 2Te;

Auger recémbination is & relatively strong mechanism in n~type ﬁé Cd Te.

In this project Petersen has exiended the theory to p~type Hg, Cd fe and
verified that Auger rccombinotion 1s sery weak in that type o%-%atérial; see
3.2.2 below. The difference in the strength of Auger recombination i1n n-type
and p-type Hgl_ Cd Te is duce to the very different shapes of the valence and '
conduction bands; see Figurv 3.1. All zinc-blende crystal structure sericonductors
with energy gaps narrow enough for infrared detection have band structures like
that in Figure 3.1. These Include the III-V compounds such as InSb and TnAs,

as well as those 1I-VI's having the zinc blende structure such as Hgl_xCdyTe.

The form of the band structure 16 fixed by the crystal symmetry. ’

In very recent work Petersen has extended(§h2)theory of Auper recombina-~
tion to statistically-degencrate n-type Hg. Cd Te. = ~he essential resul: '
is that the Auger mechani:m Is weakened conglderably compared to that in non-
degenerate Hg _VCdee of the same alloy composition x (and therefore the same
enerygy g4ap). This conclusion 18 impoitant to the desjgn of the optimum pn
Juncton lig _xCdxle detector, which will include an n p pn-junction with the
photudetection occurriny fn the less heavily doped p-type rcgion; this point
will be discussed further later. Suffice it to say bere that if the n region
is statlistically depenerate, its Auger recombination will be much weaker than
otherwise expected fror the high carrier concentiation, so that diffusion .urrent
from the n reglon can be rmall and the corresponding shot nocise negligible.

77-1-6 3-2
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3.
Very recently Emtage( 3) has developed the theory or Auger recombiratior

for Pb. Sn Te and shown that it is a relatively strong mechanism iq these
alloys._xlhg mechanism is practically the same in n-type and p~type Pb. Sn Te,
because the valence and conduction band structures are essentially iieazfca R
being of the "many-valley" type. Before Emtage's work it had been thought

that Auger recombination Yj§6yeak in Py _¥SnxTe; see for example the review

by Melngailis and Harman. Emtage reulized, however, that intervalley
transitions must be included in the theory, and they lead to a strong total
Auger recombination. Emtage's thecory is confirmed implicitly by the experimental
observation that the R_A products found in pn junction detectors made of

o _xSn Te have never exceeded an apparent ceiling which is consistent with the
Auger 1¥fetime derived by Emtage. The Fb, Sn Te alloys are IV-VI compound
semicornductors having the NaCl crystal stTustufe. Other IV-VI compounds which
are PbTe-cich which can be used as infrared quantum detector materials, such

as Pb Sn Te and Pb, Ge Te, can be expected to have similar Auger recombination,
since their band struzturgs are similar to th of Pb, Sn Te. In this project
we have carried out a critical review of Emtagc's tneo;§ and confirmed its
theoretical validity.

3.2.2 Auger Recowmbincticn in p~-Type Hgl_xCdee

Auger recoambination, the reciprocal process to impact ionization, is a
band-to-band three~body interaction in which the energy loss of the recombining
electron-lole 1s used to excite a third particle (electron or hole) hish in its
band. Hence, the Auger mechanism is very sensitive to the band structurz of
the semiconductor. For a simple two-band semiconductor model in which tte
E vs k relationship for both bards is parabolic, there are two cases of interest:
p=m/m << 1land y=J1; m and mv are tuae electron : id hole eifective mase,
respectively. For parabolic bands the effective mass {3 constant. In this
section, we will review the dependence of the Auger liretime TA on u, with specia?
emphasis on the twd limiting cases described above.

The continuity equation for electrons is:

an 1 >
2= - +=9 . .
ot Cext + (Cn. Rn) " v Jn (3.6)

- N
where u and Jn dre the electron concentrdtion and current, respectively; G - R
n
is the net gen:ration rate due to thermal processes, and G c is the generaticn
el
rate due to external scurces.

For this discussion we define the Auger 1ifetime, Tps by:

n-n_
LA - RA = - " ’ (2.7)
Mo
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where G, and K, are the Augec generation and recombination rates, respectively,
per unit volume. The subscript zero, e.g., n , implies equilibrium condations.
There are many definitions of lifetime; however, the lifetime defined by
equation 3.2 1s that which det25?§?es the reverse bias saturation current in a
diffusion limited p-n jurn:tion. This lifetime is also apprigfégte for

the discussion of photoconductivity {n the low excitation limit.

The two Auger recombination processes possible for a simple two-baund
rodel are shown in Figure 3.2.

(a) (b)

Figure 3.2 (a) AUGLR RECCMBINATION BY AN ELECTROMN-ELECTRON (ee) COLL151Clk,
(b) fUGFR RECOMBIRATION BY A HOLE-HGLE (hh) COLL1SION. THL
AQROWS DEiOTL ELECTRON TRANSITIONS.

3.9

The Auger rates for non-degenerate statistics can be written:

2
- - ny _ILJl_\\
G R (Cee)(no) (Cee) 2

A A n

o Po

s U EEE_

L (CARIC IR S
o p° n
(up-n 2)(G_np_ + G pn )
- np-ni ecnpo ’hhpno n—no
4 - = - » (3.8)
n1 \ TA
38 ORIGINAL PAGE IS
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where n is the intrinsic electron concentration. If n—nq
express}on for the electron Auger lifetime becomes:
n 4
i
T = -

+p +
A (no po An)(Ceenp°+thpn°)

The equilibrium generation rates for electron-electrom and
for parabolic bands are given in mks units by:

= P"Po

= An, the

(3.9

?gls-gois)proresses,

Gee and Chh'
m
c 2
4
@) 2m>/% n ( )lF1 2
G = . X
ee 2 3
(4n) " + h (Km )(1+u) (1+2u)
3/2 E
kT, 1+2u\ g -3 -1
x (no)(En) exp ( l+u) T cm s (3.10)
o
mv)
S/2 & [ S 2
¢
. . (&2m~""em A=, ]F;le l
hh 2.3 1/2
4 2 1 2
(4n) h «Hay) o) x
w b ]
f 3/2
- kT, -3 -1
x (PO)(E ’ exp \Iﬂ,‘) K , (3.11)
¥
wvhere L3N is the high frequgncy dielectric constant, E 1is the semiconductor (3.10)
energy bandgap, and !FIFZI“ is the square ?f the prodﬁct ofzéhe overlap integrals. ~°
. -B - —£B
Note that when p << 1, cee v~ e kT and G A e \T so that for tiais case
the elEct;on-electron process is dominant. When p = "1 both G o and Chh vary as

_3(s
e 2
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2
(2nl )(n°/2cce)

TA = (no+Po+An) [(n°+3n) + (3)(po+ﬂnir' s (3.12)
where
E
B - "Chp _ ar'?) ey ool - [1n _E\ 12
p G (2+y) p 1+ kT/ . .
o ee

Note that A(u << 1) << 1 and B{u=1l) = 1. The intrinsic electrecn
Auger lifetime for these two limiting cases of band structure becomes:

"y
1, (u<<1l) =
A1 ZGee (3.13a)
n
=1) =
Ty, =l = (3.13b)
i ee

It is frequenily stated tha. the Auger lifetaime varics as the Enverse
square of the carrier concentration (i.e., for n-type material 1, = 1l/n ).
‘ihat this ig so isevident from equation 3.12 for the situations fn << no, 3=1
and 4n << n e Bpo >> n.- In these regires:

2 2 [ B
ny ny ry eXP | Tor w1) -
o) s 2l ~ [V =2l )y e —F— (3.14a)
n, ee/ n, i n,

for n-type m«terial, aund:
E(l
n n n n exp B
s 2 = .?- ——---—i 23 1h. AT (3 1"‘0)
TP 8 (TA,) 2 '
i ch

f -type matercial. hote that 26 =
or p-typ v M (no/ Le) Ta
concentration, i

[N
[
A
o
8]

1]

=
=3
.
= |
b
-
N
N
D
L]
[s]
.
-}

is independent of the carrier

fn ivure 3.7, for the case where the excess cdarrier conceotraticon is
smill compured with the wntrinsic carrier concentration, we show the dependence
of the Auger 1ifetime on the carrier concentration for several values c¢f :. “ote

3-7
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that for the approximations dlscgised above, for n~type material, and for

B < 1, the lifetime varies as n over most of the range of carrier concentrctions.
For p-type material, however, the Auger lifetime is relatively insensitive to the
carrier concentration in the region where 8 < no/po- In this regime:

e
/B2 “, (3.15)

TA (p°<

Figure 3.3 clearly demonstrates that for a semiconducter in which
B << 1, there is a larpe asyumetry in the Augt. lifetime with respect to the
type of the majority carrier concentratior. Note th + for the case 8 >> 1 a
sirilar asymmetry would exist with n-type material having a significantly longer
Jafetime than p-type material. However, for the iwo semiconductors of interest
in this discussion, i.e., (Hg,Cé)Te and (Pb,Sn)ieB<< 1 and £ = 1, resrectavely,
so we will limit ourselves to the situatica where 8 < 1.

Let us now discuss the jmplications of the above discussior for
dg. Cd Te. From equation 3.12 we see_t £ =8 (E, y, T). For E we use
thé-exp¥ession of Schmit and Stelzer:?3'gif 8 &

Eg = -0.25 + 1.59x + (5.233 x 10-5)(1-2.08x)(T) + 0.327x3. (3.16)
For the electron effective mass we use:(3'12)
. 3ﬁ2£ ]
n =——5—& = 0.C706 E , — 3.17)
¢ 4pm &
1)

where mo is the free eieciron mass, P is the ratrix elecment from i . ; theory,
and, E "1s Lhe_fgcsgy gap in electron volts. For the hole <ffective mass we use
the vafue 0.55.%7°7 incerporating the above into cquatfon 3.12 we calculate

B as a function of x fur several values of temperaturc. Th: results are showr
in Figure 3.4. Note that as the x-value increases and temperature decreases tre
value of 2 decreases. According to equation 3.14b small values of £ yield a
large value for the Auger lifetime in p-type material In the doping regime
whfre equation 3.14b is valid (p_ > n, /VE) the Auger lifetime is a factor of

§ ~ larger In p-~type material than in n-type r .rial with the sane doping
concentration.

The Auper lifotime for Mg -xCdee can be determined if n , p, n, Z,
Ta and An are hnown. In Flgure 3.% we plot t, =n /26 as a function ol x for
n e

&

i
severgl temperatures. In this computation we have assuncd ¢ nstagt ]

oy P ¢ Assuncd a constagt valyg ¢f,
0.25 tor the overlap i{rtegrals, and have used v = 9.5+(3.))(“‘Z‘“) for
(L8

the high frequency dic ectric constant. For the sake of converjence we incluce
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a graph of Schmit's (see Frgure 3.6 calculation of tle intrinsic carrier concen-
tration for Hg _xCd Te. The ddta presented in Figuves 3.3, 3.4, 3.5, and 3.6
permat a graphical determination of the Auger life:{zes for most cases of

interest. Note that for x > 0.2 and T < 200,8 < 10 . Thus, 1n (lz,Cd)Te the
Auger lifetime 1n tris range of x-values and temperatures, the lifetime 1in

p-type materi1al will be significanctly longer than in equally-doped n-type matcrial.

In (Pb,Sn)Te, as discussed above, the effective mass ratio is unity, ard
the band structure pertinent to chkarge transfer has four vale..ce and four
conduction bands at the center of che <111> zone faces. Emtage has ehuvu(J's)
that when irtervalley scattering via the Auger mechanism is taken into conside-ation
the Auger lifetime is sigaificantly shorter than that which is calculated frum a
single valley model. Emtage's result gives:

NZ c 2'C 2 (Eg)7/2 (m ).1/2(m )3/2

(amy? 0 2 ¢ TE
T, = ———-;73 - 3. 17 3 exp (KT s (3.18)

(2m) N ne (kT) 4

L

where N=4 is the number of valleys, N =3 is the number of valleys into which
scattering can occur from a single valley, £ 1is the permittivity of free space
K.~ 36 is the haigh frequency dielectric constant, n is the carrier concentration,
E the energy bandgap, 3, = 0.14 the longitudinal effective rass, m = 0.014 the
t¥ansverse effective mass, and r = mt/m . Equation 3.18 1ls valid only for
E << kT end r << 1. Note that r in tﬁis expression plays a role similar to
u in equation 3.14 in that beth factcrs act to reduce the lifetime. Note that
Emtage's theury which includes the effects of intervalley scattering gives a
much shorter lifetime than does the theory which neglects this type of scattering.
Hence, according tc this recultr the Auger mechanism 1s much stronger in (Pb,5n)Te
than was previously believed.

LA |

In Figure 3.7, using equation 3.18 we show the dependence of tne
Auger lifet_me on carrier councentration for (Pb,Sn)fe for an energy gap of 0.1 eV
and for temperatures of 77< aud 200K. The theory i1s marginally gocd at 200K.
For sake of comparison in the same figure, using the theory outlined above, we
plot the Auger lifetime for (H;;,Cd)Te for a constant 0.1 eV energy gap at the
samte temperatutes .

It is of Interest to compare the Aucer lifetime with the radiative
lifetime, since i1t is either one or the other of these two mcchan1sm?3wg}ch
provides the limiting lifetime. The radiarive lifetime is given bv:

n 2
i

1, = g————————— (3.19)
R 3
R r(n0+pu+ n)
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where . {s the intransic carrier concentration, n_ 1s the majority carricer
concentration, p 1is the minority carrievr concentration and Rr is the radiative
recombination rate. The radiative lifetine is symmetric with respect to carrier
type. The radiative recombination rate depends(gfsgngly on the absorption
coefficieni3 6!e follow the work of Kinch et al and the work of Melngailis
and Harman =’ to calculate the radiative lifetime in (Hg,"d)Te an? (Pb,Sn)Te,
respectively. The results of these computations for a constant 0.1 eV energy
bandgap at 77K and 200K are shown in Figure 3.8. These calculations ave valid
only for nondcgenerate statistics.

For (lig,Cd)Te and (Pb,Sn)Te, we make the following observarions concerting
the Auger and radiative lifetimes in nondegenerate material:

(1) At low temperatures p-iyoce (Hg,Cd)Te has by far the longest Auger
lifetime.

(2) At higher tenperatures p-type (Hg,Cd)Te and (Pb,Sn)Te have similar
lifetimes for moderate carrier concentrations. In (Pb,Sm)Te the life-
time decreases as the carrier concentration increases, while {¢
remains reasonably constant in (Hg,Cd)Te. The theorv for (Pb,Sn)Te
should be re~examined ai these temperatures.

(3) At low reémpevatures in n-type material, (Pb,Sn)Te has an edge over
(Hg,Cd)Te insofar as the Auger lifetime is concerned. At 200X they
are within about a facter of three »f each other. 1In the expressions
for the lifetime for these two raterials the overlap integrals have
been approximated and in different w»1ys so order of magnitude deviations
are not significanc.

{(4) At moderate carrier concentv.tions, for the examples used in
Figures 3.7 and 3.8, the Anger lifetime 1s limiting for three of
the four situations. Only for p-type (Hg,Cd)Te at 77K does the
radiative lifetime limit the recombination.

3.2.3 Conclusions

The best -developed and most versatile infrared quantum detector
materials are the Hgl_xCdee and Pbl—xS“xTe alloys. Of these materials only
p-type Hgy_,(d Te offers weak Auger recombination. Other possible detector
waterials may also have weak Auger recombination, such as p-type IaSb and p~itvpe
InAs, as well as semiconductors not yet developed as infrared quantum detector
materials. But of the well~developed materials designable to various wavelengths,
p-typc Hgl-xCdXTe is the best choice with respect to Auger recombination.
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Even though, as indicated in 3.2.1, there 1s not yet a complete Auger
recombination theory generalizable to all possilly useful semiconductor rmaterials,
we can still draw scme general conclusions from the known results. Materials
with "many-valley” band structures are probably undesirable because of the
possibility of 1ntervalley transitions like thcse which give strong Auger
recombination in Pb, Sn Te. On the other hard, materials with "direct" & = 0

Ity ¥ i
cnergy gaps and greatly dissimilar valence and conduction band effective masses
can have weak Auger recowbhination like that 1n p-type Bg, Cd Te. These con-
clusions are probahly much more widely applicable than one might at farst think,
because the possible different torms of band =§rigsure fall within only a few

1 . -

classes, as Herman emphasized many yeavs ago. Thus we do not have a
choice from among a great mans different band structures to achieve the minimum
Auger recombination.

3.3 RADIATTIVE RECOMBINATION

Radiative recombination iavolves the recombination of an electron-hole
pair by emission of a photon with approximately the gup energy. If the
transition is between band ertrema located at rthe same point in k-space, then
it i{s "direct" radiative vecombination and involves only the photon emission. 1f
the band extrema are at different k's, a photcn must also be invnlved to tLelp
conserve energy, and it i{s tren "indirect” radiative recombination. The lowest
possible thermal generation rate in an effectively perfect semiconductor crystal
occurs when Auger recombination is negligible so that only radiative recombination
remains. Thus to maximize the det~ctcr performance, one always wants to reach
the "radiative recombination limit" of the detector material.

(3.16) .

Van Roosbroeck and Shockley showed coriginally that the radiative
recombination rate is given in general by:

BnkB3T3 nlzuUZdJ E
R === —5T U =-8 . (3.20)
h™c exp B kT
)]
g
If R, << R, then the quar. . we want to migimize is actually R /u; see

equation 3f5. Let us assume for now that n; and ¢ are both constant, since they
both are {n fact weak functions of U compared to expU; we will reconsider this
asgsumption later. Also, for the cases of interest here E,Z >> k T, so thar we

can assume explU >> 1 to a good approxirztion. The intepral in equation 3.18

then becomes:
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since Ug >> 1. Thus we have:

R 8nk 3'1‘3
L~ __B_
a h3c2

2 kT 2.2
- = 3r —p E »p(-E_/kT .
Ug exp( Ug) n T h3c2 n; e exvp( gl ) (3.21)

For a given wavelength response, which fixes E and thereby U at a certain
temperature T, the only xaterial parameter on Bhich Rr/a depe%ds is the index
of refraction ny. Consequently, from equation 3.5 we have:

-1

D*A(max) “n; . (3.22)

That is, the maximum possible D* varies inversely as the index of refraction.
To this approximation the index of refraction is the only paramet :r differentiating
between different detector amaterials.

In fact, however, the U dependence of a should be considered, including
the point that this U dependence differs for dire.t and indirect radiative
transitions. Before doing that mathematically, let us consider it qualitatively
and physicaliy. To do so we can use Figure 3.9 as an exampla., It shews curves
of optical absorption coefficient vs wavelength near the intrinsic absorption
edge for two well-known and typical seuwiconductors:

. GaAs, which has a direct gap at k = 0;

o Si, which has ~n indirect gap.

W~ recail that rhoton wavelenzth is related to energy by A(um) = 1.24/E(eV).

To be useful as an intrinsir infrared detector material, the semiconductor muot
have a reasonably high absorption coe”ficient at the wavelength to be detected.
This is for the reasons both of techno ogical practicality (so thot the detector
need not be inconveniently thick to ach eve high quantum efficiency) and for

the absorption length (a ) to be shorter than the minority-carrier diffusion
length, so that a "high-low" interface can be effective in enharcing pv detector
performjnce; Referring to Figure 3.9, £ relatively high absorption ccefficient
of v 107 cm is achieved by both materials at the same wavelength, but the
indirect gap semiconductor (S1) must have a longer cutoff wavelength (narrower
energy gdp) to do so because of its less steep absorption edge. At the shorter
wavelengtns both materials show about the same dependence of « on A, but the
values of a are higher in GaAs. Since the indirect-gap semiconductor requires

a narrower energy gap to realize high absorption coefficients at the wavelengths
to be detectea than does tne direct~gap sericoaductor, a direct-gap scmiconduccor
with its larger U will offer a lcwer value of R /u (see equation 3.19) and a
correspondingly h?gher maxioum possible D* . So'a direct-gap semiconductor is
quaiitatively prefercble. A

3-18

77-1~6

smp NN KW

> ——m

~

e




i IR ]

o~ e

t-~4

Si

L

/—- GaAs

|

]

bl
1)
. 104 —
-1
l_
:-
[
7
wl
-
(&
b 3
Wo10”
<
(&
é
(=]
£
o2
O
175 ]
3
2 -
10
10 l
0.4 0.

Fipure 3.9 ASSORI'IION CUOEFFICIINT VS WAVELENGTH FOR Si AND GdaAs

ORIGINAT, PAGE 13
OF PUOR QUALITY

17-1-6

0.6

0.7

0.4

WAVELFNGTH (um)

0.9

1.0




P
-

Let us return nuw to consider the effect of the energy dependence of
the absorption coefficient. For direct transitions we have ir general:
2
ax (U=-U" / .
g

Thus instead of the integral evaluated to obtain equation 3.21 above, we have
in this more rigorous consideration the integr:d:

(.-}
1/2 2
1= (U-Ug) U exp(-U)dU. (3.23)
U
g
When Ug >> 1, the solution to this intep~al is:
a2
I=2"U exp(-U), 3.24
7 Ug exp-Uy (3.24)

which differs by only Va/2 = 0.9 from the result obtained above by assuming
a = cot.tant; the conclusions made above are thus good to within this relatively
insignificant numerical aiscrepancv.

3.4 MATERIAL PARAMETERS

/

In this subsecticn we will review and summarize what is known about

materials. These parameters will be needed in the calculations in the fcllowing
sections. The parameters required to detevmine D* can be divided into two
categories: material parameters and device design parameters. 7The important
material parameters include n, “e’ ., Te, Th’ and Cs' The device design
parameters are NA’ ND’ and devicne geometry.

2.4.1 Mercucy-Cadmivn Telluride

Material paraneters for Hg 8Cd0 “e have been determined by the
Honeywell Czspggite Research Center ?ﬁ past work, and are published in the

literature. 1he JIntrinsic carrier concentration is given by:
-3 14
ni(cm ) = (8.445 - 2.2875x + 0.00342T) x 10 (3.25)
E 3/4 T3/2

exp(-L /2kT),
g g

wiere E‘ is the energy gap in eV ¢nd T the temperature in degrees helvin. For
a glvengx—value, the temperature dependence of the energy gap 1s given by:

Eg = -«0.25 + 1.59x + 5.233 x 10-4 (1-2.08x)T J 0.328x3. (3.20)
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Electron and hole rotilit:ies for Hgl Cd Te have been determined by Hall effect

data. For Hg_  Cd. .Te, the temperatﬁrexdependence of the mobilities can oce
ficted by the expressions:

3.27)
= 5.0 x 109 1‘3'3 cmzlv-s (T > 30K) ?
= 2.0 x 100 cm /V-s (T < 30K); & T‘ .
My = T€2.0 x 704 m?iv-s. (3.28)

Mobility ratio data from photcconductive measurements indicate that uh is
approximately the same in n-type as in p-type material.

The final naterial parameters are the electron and hole minority carrier
lifetimes. There are three different processes which can contribute to recom-~
b.ination in (lg,Cd)Te. These are Auger, radiative, and Shockley-Read. Expressions
for Auger and radiative recumbination ha'¢ been determined; however, there 1is
insufff~ient information about the nature and cross sections of Shockley-Read
centers in (Hg,Cd)Te to make calculations.

For intrinsic material, the radiative recombinatiion time is given by:(3'3)

Te,q = 04/ 2R, (3.29)
where:
5.8 x 10713 172 [' o [ & = [' 3/2
kL= = 2 12 4 013001 2 (3.30)
. 2 |- * N i - * * T r.g . 1r.2
By e " “hJ e ™

For n-type material, the recombination time 2s T = n Z/R N._.. For both radiataive
and Auger processes, the minority an majority carrier recombination times are
equal. For p-type material, T = n, /R N .
i r A
Lxpressions for Auger recombinatioa in a-type material have been
determined. For intrinsic material:

~
[

&

7.6x1078_2n /2 ey Bl
AT T R (gr_)yz (1420 exp \ 95) &r { (3-31)

m P
F.F

_?..lflzn

m

o

where y = mc*/m *, £ is the optical dlelcctrﬁc constant, and I F | Is the band

overlap lntegraY, Tn s-type, 7 =1, (o /ND) - Theoretical values of iFliz{

4re accurate only to osn order of mz§ﬁgsuée. Experimenzal determinations of

Ta,l have been made by KRinch et al ™" for x = 0.2 material, and values of

|F1r2| appropriate tu thesc measured recombination times are useu.
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In p-type Hgl_ Cd Te, Auger recombination i1s much less probable than
in comparably doped n-type due to the large hole mobility. For low and moderate
carrier concentration p-type, electron-electron_collisions are the dominant
Auger process with T = T (N, < 8.0 x 1017cm- ). For higher carrier concen-
tration p-type, the full éxpressions in Sectfon 3.2.2 must be uced to iaclude
both hole-hole and electron-electron collisions.

The third recombination mechanisn is Shockley-Read recombination. As
analysis of data on current (Hg,Cd)Te photodiodes and direct measurements on
p-type (Hg,Cd)Te will show, the latter mechanism is predominant both in present
p-type (Hg,Cd)Te and in the depletion layer of present (Hg,Cd)Te photadiodes.
Although a model for these Shockley-Read centers can be formulated, the model
is nct sufficiently developed to determine the recombination analytically.
Therefore, the Shockley-Read combination time in p-type (Hg,Cd)Te will be used
as a paraceter jn fitting measured diffusion current to the model, and the
recombination time in the depletion layer as a parameter in fitting g-r current.

3.4.2 Lead-Tin Telluride Material Parameters

3 giterlal parameters for FtSnTe have been summarized by Melngailis and
Harman. The intrinsic carrier corcentration is given by:

/2

- 15 3
n, (cm 3 a2.9x10 (1E) /% exp(-E/2kD), (3.32)

where E 1is in eV and T in degrees Kelvin. For a given x-value, tne temperature
dependeﬁce of the enecrgy gap of Pb xSnxl‘e is given by:

E, = 0.181 + 4.52 x 1077 - 0.568 x +5.8x". (3.33)

1~

One is often able to use the rclationship between Eg and Aco:

A = 1,24/E (eV). (3.34)
co 3

However, one must be very cautious in using this for two reasons. First, the
optical absorption edge is gradual (n0.1 A ). <rhus, the cutoff wavelength
determrined from the above may be ‘'zuger thin that measured in a device due

to loss of photogenecrated :zarriers deep in tte junction. Second, at high

doping levels n-type (Hy,Cd)le and both n- arnd p-type PhinTe exhibit the

Burnstein shift. In the Burnstein effect "skarp” (low m ) baunds {11l up

rapidly ut moderate dopant levels.  Thus, maierial w:th a gap corresponding

to 12 ym may not respond evea at 10 ym. This problem 1s more severe in (Pb,sn)Te
than in p-type (Hg,cd)Te due to low effective hole and electron masses in (Pb,Sn)Te.
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Mobilities for Pbo Sn, ,Te have been deterrined from Hall data. These
data j,1ve majority carrier mégil?E§. In using these values, one is assuminp
that the mobrlity can be extrapolated to minority-carrier transport. Mobilaty
is strongly dependert or cry-tal growth techniques in (Pb Sn)Te. The values for
(Pb,Sn)Te films are uscd hcre(3'5): values for bulk (Pb,Sn)Te are somcwhat higher.
The mobiliey in (Pb,Sn)Te 1s known to decrease at doping above 1016 cp-3.  The
mobility also incrggiyﬁ as the gap decreases due t~ . bhe dgcreacing effesi,ge

mass; we use 4 «m to match experimental data. As m « Eg, yek
b < 2.6 x 10°173/2 (0.103/Eg)1/2(1.0 x IOID/NA)llzcm [N-s; (3.35)
b, = 2.4 % 10717372 (o.1os/sg)1/2(1.o x 1016/ND)1/2Lm2/V-s. (3.36)

There are three tecombination mechanisms possible in semiconductors:
Auger, radiative, and Shockley-Read. Expressions for Auger and radiative
recombination have been determined; however, there is in_ufficient information
about the ndature of Shockley-Read centers in (Pb,Sn)Te to make calculations. The
:2press%3?6§or radiative recombination was calculated by Melngailis and
rman:

4 \ *
-1 z2.sa0™ N Gm & Y2047k 33 @ Fm )02, (3.37)
R = Te—— 'V o o e [
r n 2n E
- i 17g
N
where:
Nv = nunber c¢f{ equivalent baud extrema = 4
Ko = ratio of Jongitﬁdlnal to transverse effective mass = 10
n. = index of refraction = 6
1, *
me , mh = @lectron, hole effective masses.
The minority carrier recombination times are given by:
v =02/ 2/N R (3.38)
e 1 ""A%e Tp =0y phye -
The expressiYg gyr huger recombinaticon has recently been determined by
P.R. Lmtage:
. ZB 7/2n 1/2m 3/2 m E
T - —2% L : €x} B (3.39)
2 6 g [’ 1] .
Al 3(2")5/ nize hs(kl)llz mEZkT
ggxcmAL PAGE 15
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wiere mt and m_ are the transverse and longitudinal effective masses and €
is the optlcal dielectric constant. The effective magsses increase as the
bandgap:

L]
"

0.014 m (ES/O.IO ev); (3.40)

[}

0.014 m (E /0.10 eV). (3.41)
'3 o g

The ratio m /m_is 0:1 and accounts for the rapid Auger recombination in
(Pb,Sn)Te. The Auger recombination time decreases as the square of the doping:

T, = Ta, i(nil\'A) = A 1(“1/No) (3.42)

Since (Pb,Sn)Te devices are generally formed from heavily~doped material dye to
the difficulty of achieving low carrier concentration (Pb,Sn)Te, the Auger recon-
bination can be siguificant.

3.5 FEASIBILITY OF NEW MATEKIALS

Throughout Section 3 we have assumed the achievability of nearly
perfect detector materizl, in which crystal defects do not limit device performance.
Such a situation is achievable or within the realm of possibility for the
presently well-developed materials, Hg xCd Te and Pb, Sn Te, at relatively
high cperating temperatures; see Gections 6 and 7. Tge intentive for finding
and developing new materials can therefore only exist {f either serious tech-
nologlcal difficulties or fundamental limitations of the present materials exist.
we w41l now couclede Section 3 by discussing the feasibility of new materials
with respcui to fundamental limitations.

We have shown in Sectiun 3 rhat fundamentaliy for maximum D*, one
needs a detector material satisfying th.ee criteraia:

a. Auger recombination should be weak or negligible compared to radiative
recombination.

b. 1f (a) 1s satisfied then the material should have the lowest poss.ble
index of refraction.

c. And a material having a direct energy gap 18 preferred over an indirect-
gap material, so thut the detector material need not be so thick to
achieve the optimum at, that the advantageous use of a "high~low" or
electrically-~reflecting back contact in a photovoltarc detector is lost.

Auger recombination is strong in n-type Hg, Cd 1c and apparently also in
both types of Pb Sn Te, but it is relatively weak in p-type Hg, Cd Te. 1t is
unlikely that a new, different semiconductor couid be found with Auger recombination
significzantly wezker than that in p~-type Hgl_xCdee.
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The index of refraction of the Hg Te and Tb Te alloys

used for 8 to l4-ym infrared detection and of a ?ew other wc?l known sericonductors

are listed below. These values 1liustrate the fact that the index of refraction
varies little among different semiconductor materials. Therefore, only mincr
improvement i1n the meximum possible D* could be expected if anothe- 8 to l4~-um
material were found.

INDICES OF REFRACTION OF SEMICONDLCIORS

MATERIAL INDEX OF REFRACTION
PbO.BSnO.ZTe 6
HgO.BCdO.ZTe 4.4

InSb 4

InAs 3.5

Ce 4

St 3.4

We believe that the small improvement which could be expected at best
does not warrant the extensive research which would be required to find such
a material and develop its technology.

The presently well-developed materials, Hg., Cd Te and Pb onxTc both
have direct energy gaps and therefore satisfy criter}on(c .

Thus we conclude that p~type Hg, Cd Te emploved in the photovoltaic
detection mode, 1is nearly as good a mater}af for raximem D* and hirh-temperature
detector operatiorn as one could ever hope to find, This is a funaamental
zenclusion derived from basic theory and assuming essentially perfect crystal
material. Tt would therefore not be realistic to initiate a sedrch for new
materials.
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SECTION 4

PERFORMANCE LIMITATIONS OF 8-14um
PHOTODIODES AT ELEVATIL TEMPERATURES

INTRODUCTICN

In this section, the status of present 8-1l4ur photodiodes is assessed,

the ultimate performance determined, and the factors limiting present devices

isolated.

This analysis consists of five parcs:

e An analytical model of photodicde performance :s developed
which allows performance to be calculated giving material para-
meters and dovlce design;

e The performance of present (Hg,Cd)Te and (Pb,Sn)Te photodiodes
is modeled and key parameters limiting performance isolated;

° The ultimate performance of (Hg,Cd)Te and (Pb,Sn)Te photodiodes
at elevated temperatures is determined.

] Improvements in both duvice desien ard in ratepial parameters
required to achieve ultimate performance are xplored.

e Coupling condicions for interfacing diodes to amplifiers and to
charge coupled devices are determined.

Semiconducters other than {(lig,Cd)Te and (Pb,Sn)Te are also assessed. However,
these semiconducto.s are clowe relatives of either (Hg,Cd)Te or (Pb,Sn)Te.

Thus, the
likely to

4.2

devclopea.

perforiance of dovices fabricated from these other materials is un-
ue substantially better.

THEORETICAL MODLI. OF PHOTODIODT PERFORMANCT

In this section, an analytical model of photodiode performarice is
The modul will have three purposz2s:

® To model perfarmance of current devices

o To determine linitations of present devices with respect both
te material patameters and device design.,

° To determine opticun device design and ultimate performance.

To develop the model, the cxpression for signal and noise in pho*odiodes w11l
be outlined.
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The performance of a detecter 1s usually cnaracterized by its D*, or sigral-to-
noise ratio normalized for .rea and bandwidth:

X = R
prek Vare /o1 (4.1)

where:

R, = current responsivity

. )
n

area

o
~
n

handwidth

nolse cur:ent

.
1

For a ph todiode, the rescponsivity is determined by the quantum efficiency r,
and th w. elength A:

R1 = nq A/he {4.2)
where b is Plarck's constant ard ¢ is the speed of light.

The noise sources associated with a photodicde are Johnson ncise due to the
junction resistance R,, background induced noise current, and 1/{ no.se ig:

2 2
in 4k 1f

of = E;I - 2nq2 éB AT TEF (4.3)

where ¢g is the background flux ana k is Boltzmann's constant.

Because 1/f noisc is prozess dependent and cannot be treated analyti-
cally, it will not .2 discussed in this secticn. For the best present 10-micrometer
diodes the background flux is the limiting factor; for a 180-degree¢ TOV the back-
ground-limited D*3 (11 um, n=1) is 5.0 x 1010 cn Hz¥/wW. However, to evaluate
detectors the detector noise rather than the background noise is of interest.

In addition, for direct coupling to a CCP, the criticel parameter 1s RjA. Thus
background noise will not be considered in this sectaon.

Substituting thr capressions for Ry and i,, the expression for D»

becomes:
P gn /ROA
S W \ 2kT (4.4)
4-2
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There are three current mechanisms which contribute to R,A. These are
generation-recnmbination current, diffusion current and surface leakage current

(shunt). If there are no contacts or surfaces within a diffusion length of the
diode, the RpA product due to dif“usion current can be written as:

2 2 nap—
n : -
-1 1 Ve My J”h L (4.2
SO T Bl A AL
A e D QJ
where: T
ni = intrinsic carrier concentration
T gt .
Mg» M, = electron and nore (mnority carrier) mobility

Te’ Th = electron and hole (minority carrier) recombination time

‘2
o
[]

dopant concentrations on p and n sides (acceptor and donor
concentrations)

Diffusion current is due to the diffusion of thermally generated minority
carriers from the n and p sides of the semiconductor to the depletion layer at
the p-n interface. The volume of semiconductor whfch contributes to diffusion
current is given by the diode area times the diffusion length for a minority
carrier. The minority carrier diffusion length is given by:

L= T urt (4.6)

q

The volume of semiconductor required to generate the signal is the diode arca

times the optical absorption depth required to absorb 90% of the incoming
radiatioa:

L = 2.5/~ .
opt 5/a 6.7

3 -1
where @ is the absorption coefficient, typacaliy 5x10° cm . Thus, Lyoe=5um.
In most cases, the minorityr carrier diffusion lengths are considerably longer

than 5im; thus, a substantial voiu.e of the semiconductor is contributing noisc
without contributing signal.
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1t is possible to shrink the effective semiconductor volume to the volume neces- .-
sary for signal collection by use of “reflective" contacts.%-1 Tre use of

heavily doped p+ and n+ regiuns 1n back of the p and n regions creates a space- .
charge barrier to minoraty carrier ciffusion and reduces minority carrier density
in the heavily doped regions.

ia = e

The ROA for the rase when reflective contacts are used is given by:

2 - 2

n u b n u b
-1 _ qfg | i ] e 2 1 4] b n )
(R_A) Vit N, Jte tanh(L +ND o canh | (4.8) K

e P

[y

-——

where bp and b, are the distances from the junction to the p and n side space-
charge barriers.

Generation-recombination (g~r) current is due to thermal generatioa f
and recombination of carriers in the depletion layer. Generacion and recombina-
tion can bc due to three processes: radiative, Auger, and Shockley-Read.

The expression for R,A for 'g-r current has been derived by Sah, Noyce
and Shockley.4-2 For bias voltages near V ~ O:

_ qn W f(b)
(R ) U | (4.9)
Yy ¥
b Tno Tpo
where:
2¢ (V. + V)
s b .
W = deplietion layer widtl = N (4.10)
9%
kT (NA ND (4.11
V, = built-in voltage = — 1In i b 11)
bi q a 2
i
"o’ o = minority carrier lifetimes on n and p sides of the junction
) 3
4-4
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and fib) is a function depunding on the position of the Shockley-Read centers
with respect to the conduction and valence bands. For centers in mid-~gap,
£(b) = 1.

The theoretical limit to g-r noise in defect-free material is the radiative
recominbation limit. D. Long#-3 has shown that for radiative recombination

‘.}1 T /£(b) (4.12)
no po '

should be replaced by the radiative recombination time in intrinsic material,

Tti

-2
Since diffusion-limited R,A increases as ny as the temperature is

lowered while generation-recombination noise increased as nl‘l, there 1s a tem-

perature at which the diode switches from diffusion to g-r limited behavior.

This 1s shown in Figure 4.1. The increase in ROA will not continue indefanitely

as the temperature is decreased further; at some temperatur2a the surface leak-

age resistance (shunt resistance) dominates the RyA becomes independent of

temperature.

4.3 PRESENT STATUS OF ll-pm (Pb,Sn)Te PHOTODIODES

4.3.1 p-n Junctions

In this sect.in, the present status of (Pb,Sn)Te photodiodes is re-
viewed, Analysis of data on (Pb,Sn)Te devices will yield the follow ng informa-
tion:

® lemperature range over which diffusion current is dominant

e Temperature range over which generation-recombinatir urreat is
dominant

® Depletion layer lifetime.

®# Minority carrier lifetimes on n and p-side.
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Three types of devices have been made in (Pb,Sn)Te: ordinary p-n diodes, hetero-
junctions and Schottky baprjer diodes. Diodes 1n {Pb,Sn)T: arg gabzzgatgd7
from either bulk mater;az é 8r9fr2mlbayers deposited by vapor "7 "7 T

.8, 4.9, 4. . .
or liquid phase epitaxy. 17 -3 The as-grown material is generally high
carrier concentration (>10" “¢cm ~) and requires annealing tc achieve low carrier
concentration. A donor dopant 1s then diffused to create an n-layer. Because
of the symmetry of the conduction and valence bands in (Pb,Sn)Te, the theoretical
performance of n+ on p and p+ on n are equivalent.

Figure 4.2 shows ROA as a function of temperature for a (Pb,Sn)Te diode
fabricated by DeVaux, et al. 4.1l The devices were fabricated using indium diffu-
sion to form an n-laver on a p—tygp (Pb§Sn)Te w..fer. The donor and acceptor
concentrations were Kp~ 1.0 x 10 7 co3 and N, ~ 2.0 x 1016 =3, For temper-
atures below 77X, the degico was limited by generation-recombination current and
displayed R,A = 2.0 f-cm®. 1he model of the previous sections with the depletion
lzyer liferime as the fitting prrameter vields T, ™~ 20 ns for 2n abrupt junction.
For T > 77X, the device is limited by diffusion current . DeVaux, ct al, assumed
a constant lifetime of 1.7 x 1078 s to fit this data. However, calculatiors
based on the theory of Auger recombination is (Pb,Sn)Te by Emtageé'lz. andicate
that the recombination time was limited_by Auger recombination. The Auger recom-
bination lifetime for Ny ¥ 3 x 101°% ¢u™3 15 3.5 x 1078 s, and is relatively
insensitive to temperature until the semiconductor becomes intr.nsic (n_>N,}.
Thus, 1t 1s possible that the (Pb,Sn)Te diode of DeVaux, et al, was limited by
diffusion current from both the n and p-sides, with an effective lifetine of
~ 30 ns limited by Auger recombination.

Figure 4.3 shows data from DeVaux et al,l"11 for a (Pb,Sn)Te diode
fabricated from a higher p-type carrier concentration wafcer. Theqiﬁttcally, RgA }k
should increase as N, for a Shockley-Read limited lifetime, as N for
radiative and wculd ﬁa independgent ot N, for Auger-limited. As ~an be 4een
from Figure 4.3, R,A decreased with N, taplying either Auger-limited behavior
or a Shockley-Read limited in which stoichiometric-related defects play a role

Figure 4.4 shows ROA as a function of N, for dicdes fabricated by
Devaux. For a constant lifetime 1_, R A should 1increase as M,; for a radiative-
limited 1ifetime, RyA <hould increase as NA‘/Z, and for Aup:r-limited lifetare,
RyA 14 independent of X . As can be seen, the experimental data deercases
slightly with Ny, 1ndicating Auger-limited lifetime.

Wang ot 314. have fabricated p-n homojunction- using epitaxial
(Pb,5n)Te. The heavily doped side had a carrier corncentration of 1.0 x ]017 Lm_3
while the lightly doped sidoe was 2.8 x 10106cn™3,  Capicitance-voltage data inoicated
that the junctlon wis graded with a grading constant a = 2.0 x 102lem4, Wang ¢t al
reported temperature de pendence of the RUA product. At tenperatures bhelow 80 K
the divdes were limited by peneration-recumbination current with an cffectave
depletiun-layer lifet:ime ef 70 ns. At temperatures cbove 80K tne diodes were limi-

ted by diffusion current. Modeling of the temperature dep wWdence of tne R,A product
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indicated a lifetime of approximately 4Ons. The Auger-linited lifetime calculated
using the theory of Emtage for a carrfer concentration of 2.8x1016 cn3 and a

0.11 eV bandgap is 82ns. Thus, it 18 possible that the devices were achleving
lifetimes limited by Auger recombination.

4.8%.2 (Pb,Sn)Te Schottky Barrier Diodes

A number of contractors have fabricated Schottky barrier diodes on
(Pb,5n)Te. The devices have shown performance equivalent to that obtained in
p-n photodiodes and heterojunctions at 77K; however, no data at elevated tempera-
ture has been publishzad.

For a true Schottky barrier, the maximum barrier height @f is the energy
gap E,. Using @, = E_ and the 2xpression for RgA for a Schottky barrier giyen
in SeZtion 4.b.5§ theBcalculated RJA is 0.212-cm9 at Aco = 12 ym and 1.6{&-cm™ at
Aco = 1lum. The measured data is often well above 0.32-cm?. D. Bellavance and
M. Johnson of Texas Inst.4-13 rcport R A ~ 1.00-cw? at 77K for arrays using In or
Pb electrodes on epitaxfal (Pb,Sn)Te with Ap = 10.7um. However, Schottky barrier
diodes fabricated on (Pb,Sn)Te are probably not true Schottky barriers due to
the presence of an inversion layer under . he el.ctrode. For In electrodes, the
large metal work function appears to result ia strong band-banding. This gives
rise to an inversicn lajera'lb. The result is a p-n junttion with a barrier to
current flow given by Fr - 6. For a degenerate semiconductor, the Fermi level
is in the band and Ep-$ > Eg. The device formed in this manner would not per-
form as a true Schottky barrisc, but rather similar to a p-n diode.

4.3.3 lieterojunctions

There .as been ext2nsive development of (Pn,Sn)Te heterojunctions for
both thermal Imaging and space-borre applications.5-8n4-9’4-10 The heterojunc-
tion 1s formed by liguid-phase epitaxial (LPE) growtin of (Pb,Sn)Te on PbTe
substrate, or LPE growth of PbTe on a (Pb,Sn)Te substrate. Due to the 5 um
cutoff of PbTe, the junction can be back-side {lluminated.

The lattice match between PbTe and Pbg gSng 3Te 1s sufficiently good
that the density of interface states is quite small. The use or heterojunction
instead of p~n homojunctions has a number of advantages. The epitaxial films
have lower defect density and greater uniformity in composition than bulk (Pb,Sn)1ie.
Also, the carrier concentration in bulk (Pb,Sn)Te is generally limited by stoichio-
metry to values greatcer than l.Ux1017cm'3; at this high a carrier concent:ation
both n and p~type are degencrate and exhibit a Burstein shift and 4 short minor-
ity carrier Lifetime, The use of ¢pltaxial growth makes possitic lo. carrier con-
centrations (< 5.0x10‘5cm'3). Finally, the thickness of the LPE laycr can be ad-
Justed to be equal to an optical absorption depth, effectively reducing the volume
of gsemiconductor generating noise.

4-10
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Figure 4.5 shows R A as a function of temperature for a PbTe/ (Pb,Sn)Te
heterojunccion"‘l5 at temperaturas T ¢ 50K. Tne device had a cutoff wavelength
of 10.6um at 77K and 14.5um at 30K. The data was fitted using the model of
the previous section. The device was limited by g-r current over the full
senperature range; the depletion layer lifetime used to fit the data was 5ns.
The theory is for an abrupt junction. 1In fact, the device was graded instead
of abrupt and so had a correspondingly longer lifetime.

Lockwood et efug have reported a (Pb,Sn)Te based heterostructure
with high RjA product at 77K (R A = 10.00-cm?). The device structure was
not ¢z.~losed; as a result it was not possible to model the performance. The
theoretical limit for a_p-n (Pb,S5n)Te homojvnction at 77K with a 0.10 eV band-
gap 18 of order 6.00-cm” (assuming the luger-limited lifetimes us determined
by Emtage). As the expressions for Auger lifetime are approximate, the data
of Lockwood could be modeled by assumire, diffusfon current from the (Pb,Sn)T2
side of the heterostrurture  wmwavey fhe wigority carrier diffusion leragth _
calculated assuming Auger-limited lifetime in (Pb,Sn)Te doped ar 1.0:1016 ™2
is S2um. ks the depth requived for signal collection is only ~Bum, a factor of
6-7 improvement in R A coula be realized by limiting the thickness of the active
{Pb,Sn)Te epitaxial layer to ~8um and either passivating or accumulating the
surface to reduce surface generation of carriers., Thus, the theoretical upper
limic for a (Pb,Sn)Te heterojuncticn using a 8-um thick active layer 1s RoA~
40.00-cm?2, Thus, the data of Lockwood et al is well within the theoretical
limits for a thin (Pb,Sn)Te film.

In summary, data on (Pb,Sn)Te p-~n junctions has been modeled using
the expressions developed in Section 4.1. The highzst R, A values reported
can be fit assuming diffusion-current limited R A with the minority carrier
lifetimes on the n and p sides limited ny Auger recombination. This would
stggest rhat the best (Pb,Sn)Te photodiodes currently achieve close to the
theoritical limit R,A at elevated temperatures. However, the calculation of
Auger lifetime in (Pb,Sn)Te is probably not accurate to within a factor of
2-5, so the conclusion must remain tentative. A substantfal amount of (Pb,Sn)Te
data with lower R, A products has been renorted; these devices aypear limited v
either by surface leakage or by a short minc.ity-carrier lifecime probably '
associated with Shockley-Read centers. .

4.4 PRESENT STATUS OF 1l-uym (Kg,Cd)Te PHOTODIODES

In this section, data on 8-14um (Hg,Cd)Te photodiocdes are reviewed
and compared to the model developed in the previous section. Data analysis
will yield the following information:

Recombination timz in p-type (Hg,Cd)Te

Depletion laycr lifetime.

Temperature range over which diffusion current 1is dominant
Temperature - ~nge over which g-.neration-recombination current
i{s dominant

. Shunt~resistance limit of current devices
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4.4.1 n—- on p

Three types of dcvices have been fabricated ‘a (Hg,Cd)Te: n- on p,
n+ on p and pt on n. The three device structures are shown in” Figure 4.€ The
n- on p diode is formed as follows. At the high temperatures at which (Hg,Cd,Te
is grown, a substanti.l number of metal (Hg and Cd) vacancies are present in
(Hg,Cd)Te; thcse vacancies act as acceptors. By introducing Hg oc Cd into the
latcice, in a low temperature anneal, these vacancies are filled, reducing :hs
acceptor concentration to a low value (-~ 1014 em=3)., 1f donor impuritics at the
iow 1014 cm’3 level are present 1ir the lattice, the anncaled regicn hecomes
n-type. Thus, an n-region {is formed in a p-type (Hg,Cd)Te wafcer. The jurction

depth, typically 4-um, is controlled by the diffusion tire and teuwperature. The
n+ on p structure can be fcrmed either by ion implant or diffusion of a donor

into p-type (Hg,Cd)Te. Simllarly, the p+ on n structure car e formed by 1on
implant or diffusion of an acceptor into n-type (Hg,Cd)Te.

Figure 4.7 shows R,A as a function of temperature for a (Hg,Cd)Te
n- on p phot0diode.4'16 The diode cutoff wavelength was llum at 77K and 9um
at 150K (the shift due to the change in energy gap in (Hg,ld)Te with tempera-
ture). The dopant levels were Np = 2.0x10l4cm=> and My = 1.0x1017em™3. Aac
low temperatures (T < 105K), the R,A product increases as ni"l, w.aere ni is the
intrinsic carrier concentration. This indicates that the diode was doninated
by g-r current. This has becen confirmed both by the slope of rhe forward I-V
characteristics (I 0 e qv/ZKT) and the reverse 1-V characteristics (I 2 V %).
The model developed in Section 4.2 was usad to fit the data using the depletion
layer lifetime as the variaole. The analysis indicated o lifetime 15 = 30ns.
As 30ns is 3 factor of 100 shorter than 1Ry cr TA{, the short lifetime is pre-
sumably due to Shockley-Read centers.

At elevated temperatures (T > 105K), the RpA product varies as niﬂ
indicating diffusion-limited current. This has been confirmed by forward 1-V
(I & e 9Y/KT) characteristics.

To determine whether it is the n-side or the p-side which limits
the diode, It 1s necessary to adetermine the minority carrier lifetimes on the
two sides. On the n-side, the theoietical limiting lifetime mechanism is
Auger recombination. Measured lifetimes in bulk n-tvpe Hgg gCdg, 2Te have
been measured by Kinch et a14-17 gnd were Auger limited. !Measurcments of minor-
ity carrier lifetimes on t!+ n and p sides of n- on p liode have becn made
using the rolloff frequencies of the 1-f signal in laser heterodyne measure-
mentsf'lb These measuremenis confirm an Auger-limited lifetime on the n-nide
of the dicde. The p-side lifetime determined from these neasurements was
.1.0x10-85, constderably shortcr than the radiative recombination lifetine
which ts the theoretical upper 1imit in p-type (Hg,Cd)Te at 77K.

Using these lifetimes and the model of Section 4.2, 1t (an LC showm
that the p-side limits the R A product of the n -on-p drode. The p-side Lifetine
determined from modeling the data shown in Figure 4.16 was 30ns. The radiative
Jimit at 110K is 200rs. The Auger limit is considerably longer for both electron-
electron and hole-hole processes. Thus, the 30ns lifeiime 1s due to Shockley-
Read recombination.
4-14
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data on present n- on p (Hg,Cd)Te photodicdes can be summarized

At low (T < 11(0K) temperatures, the diodes are limited by
generation-recombination current. At 77K, the best (Hg,Cd)Te
devices display RpA products of 1.0 to 4.02-cm?, corresponding
to Dx(nn = 0.5) = 7x1010 - 1.4x1011 ¢m szlw. In practice, 1l/f
noise reduces measureu D*) below these values.

The depletion-layer lifetimes determined using the model of
the previour section and (Hg,Cd)Te diode data range from
lxlO_gs to 3x10-8s. These lifetimes are much shorter than
the intrinsic Auger and radiative lifetimes and are due to a
Shockley-Read center.

At elevated temperatures (T > 105K), (Hg,Cd)Te diodes are lamited
by diffusion current. At 120K, the R,A of a device with A.,(12CK)

= 9.2pm was 0.1 -cm?, corresponding to D*, =1.4x101%n Hz's/W.

At 200K, the device RyA was 2.5x10~3, corresponding to D*(A;o=8.5um)

= 1.6x10%ciHz’/W. The diffusion current is from the p-side and
can be modeled by a mincrity-carrier lifetime Tp . 3x10-%g,

Independert measurements of the minority carrier lifetimes heve
been made using laser heterodyne mixing; these measuarements
confirm tae Auger-limited lifetime on the n-side and the short,
Shockley~Read limited lifetime on the p-side.

4.4.2 o+ on p (Hg,(d)Te Photodiades

Tne n+ on p diode structure 1s fabricated using either an implaata-
tlon or diffusion of a donor into a p-type wafer. The p-type wafer mavy bz
moderatelv doped (1.0x1016cm'3) or heavily doped (~2.0x1018cm‘3). The n-side
is typically doped Np = 1.0x1017cm 3 to Np = 1.0x1018cm=3.

The use of the high dopant concentration on the n-side considerably

changes the anaiysis of junctiorn properties. Due to the low conduction-band
effective mass in (Hg,C2)Te, the n-type (Hg,Cd)Te becomes degencrate at rela-
tively low (. 2.0x1015¢m=3 @ 77K) carrier concentratiecns. In this case the
Fermi level 1s well sbove the conductionband. Using the usual expressions
for the electron carrier concentraticn.%-13
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M*x 3/
= 4.8v10% ) - 1.2x10cn >

(o]

n=(E -E )/kT

%

F =

y (M d/f 1+ cxp(E n)
16

For N, = 1.0x10" ", E~Lg = 10kT. So for the n+ side of the n+ on p
(ig,Cd)Te aiode the Fermi level is well into the corduction band.%-1?

The degereracy on the n-side strongly affects Auger lifetimes. This
can be seen qualitatively as follows. Generation of carrier by Auger mechanism
takes place by impact fonization, as shown in Figure 4.8 For Auger generation
to occur, states 1 and 2 must be occupied while states 1' and 2' must be un-
occupied. For low n-side doping levels (Np < 1x1015¢m=3) the final states (1'
and 2') are unoccupled near the conduction band edge. Hence, the energy change
AE, 1in the transistion, 1s approximately a bandigap Eg. The Auger mechanism
decreases in probability as exp(-AE/KT). For heavy doping levels on the n-side,
the n-side 1s degenerate and the Fermi level 1is well up into the conduction
band. Therefore, the states 1' and 2' near the band edge are filled and the
normal Auger process is snut off. The only possible process would -equire states
1! and 2’ near the Fermi level. Thus, rhe energy change AE' involved in the
transition in degencrate n-type (Hg,Cd)Te is wmuch greater and the transition rate
ig drastically reduced. Calculations performed by Paul Peterson?-20 have confirmed
this reduction in Auger recombination in degenerate n-type (Hg,Cd)Te. If the
Auger recombination rate calculated using degenerate statistics is in fact much
lower than that calculated using nondegenerate statisties, then the diffusior cur-
rent from the n~side will be reduced substantially.

Thus, the Auger liferime calculated using non-degencrate statistics
predicts a much shorter lifetime than what is 2stimated for degenerate statis-
ticg. Thus, the n-side can often be neglected in calculating diffusion cur-
rent in a n+ on p diode provided the n-side Shockley-Pead lifetime is not
extremely short. It should be kept in mind that che use of doping levels
well above those required for degeneracy shifts the absorption edge well away
from the cutoff of intrinsic material (this is known as the Burstein shift).
Thus, the n-side acts as a window and the radiation is absorbed on the p-side.

ntonp (HLﬁCd)Te photodiode have been fabricated by J. Marine and
C. Motte of S.A.T. for the 8 - 14 um spectral region and by T. Tredwell of
Honeywell)l 1n the 2 ym spectral rcginn.a'zz Figure 4.9 shows data of Marine and
Motte. The curve is for a diede with Aco= 13 um at 77 K.
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77-1-6




(&

‘e

€

(NOILVZINOI IOVAiIT) NOILVNINID ¥Ionv 8°+ aangdr ]

a
w X0 .
_ maoa 01 < N)

d1vd3aNgoIa

D e S S A IR e R

IIV4INISIA-10N

4~19

ORIGINAL PAGE IS

ow

OF POOR QUALITY

1-56

-
-

7

e % e . o m——— AW A me
—_—a

N oy eare -




10°
10
100
N"h
£
S
R
< 10
°=O
1072
1073

77-1-6

TsMpERATURE%’;)
= 1 r i | | |
= 170 140 120 110 100 90 77°k
»
=
F—
I
F
E—
-
=
r—
g O A, = 13.0km
~4 2
~ A=7.5x10  zm
] ] ] | | ] ] ]
5 é 7 8 9 10 11 12 13

1000/T CK)

Figure 4.9 R A VS TLMPERATLRE n+ on p (Hg,Td)Te PHOTODIODES
(Data from Reference 4.21)

4-20

-3 = veaw




- .m

- ta

P A

[ P p—

.- v

o I

fr—1

1he data was modeled using the expressions gaiven in Section 4.2.
The Auger lifetime on the n-side was assumed to be sufficiently long that
diffusion current from the n-sid2 did not 1limit device performance. The
13-uym diode data followa2d the generation-recombination current expression over
the full temperature range. As capacitance-voltage characteristics indicated
an abrupt junction, it is possible to determine the depletion layer lifetime;
the lifetime dctermined in this manner was 2ns. The fact that no diffusion
current was seen, even at elevatad temperatures, makes it possible to set a
lower limit to the minority carrier liferime on the p-side, Te. This lower
linmit is 1, > 100ns, very near the radiative recombination limic at this
temperatuie.

The shorter wavelength device has been modeled in a similar manner.
The diode also appears to bLe limited by generation-recombination current over
the full temperature range, with an effective depletion layer lifetime of
To ~ 10ns.

Results on n+ on p (Hg,Cd)Te photcdiodes may be summarized as
follows:

e The high n-side doping level makes the n-side degenerate.
As a result Auger recombination is significantly reduced
ard so diffusion current from the n-side also reduced. Also,
the n-side will be transparent to the radiation and so the
optical atsorption takes place on the p-side.

o Analysis of precent 8-14yum n+ on p diode data indicated
that the devives are limited by generation-recombination
current over the full temperature range with an cftective
depletion-layer lifecime of ~5ns. The lifotime is probably
due to Shockley-Kead center. However, use of minimum doping
levels above that used in the n- on p diode has reduced
the g-r current,

4.5 THEORETIC..L. PERFORMANCE LIMITS OF 8-14um (Pb,Sn)Te PHOTODTOLLS

In this section, the ultimate performance of (Pb,Sn)Te photodicdes
is Jetermined. Two types of devices are considered: p-n diodes and
Schottky barriers. Fo: each, the present 1imit to device performance
18 calculated using the lIfetimea determined from measarements on (Fb,Sn)Te
diodes. Two types of improvements are then assumed: improvements in
material parameters (largely in minority carrier l1ifetime) and improvements
in device design. Thne performance limits of devices vith these Improvaments
are then calculated.
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4.5.1 (Pb,Sn)Te p-n Junctions

The analyslis of the previous section has indicated that the best
(Pb,Sn)Te nhotodiodes are limited by the short Auger lifetime in (Pb,Sn)Te.
Calculatfions using the expression for Auger lifetime derived by Emtage fit the
data of DeVaux, etal, to within a factor of two. The anaiysis indicated
that (Pb,Sn)Te phorodiodes will be limited by diffusion current for T > 77X.

Using the Auger-lim.ted lifetime, the RyA of (Pb,Sn)Te diodes at
elevated temperatures is shown in Figur2 4.10 tor a constant Aq.o = 12um.
Since the bandgap of (Pb,Sn)Te changes with tempcrature, no one single de- ..
vice would have A 5 = 12um at atl temperatures; for Figure 4.10 the Pbj_.SnyTe
composition x is varied to achieve a 12um cutoff at all temperatures.

D*) is related to R A by
o

A n RA RA
Dx = o 11 [}
—_— = . n —_— .
hec WKT 1.08 x 10 )p T )

where background and amplifier iimits have not been included. The calculations
indicate that Y*) = 1.0x1010cmHz'/W 1s possible at 120K.

Two types of improvements are possible: improvements in material
parameters and improvements in device design. The only material parameters
which can be changed are the minority cairier lifetimes on the n- and p-sides.
However, in the best (Pb,Sn)Te photodicdes the minority carrier lifetimes ap-
pear to be limited by Auger recombination and so could not be improved.

Some improvcments In devlice design aire possible The equ.tion for
for R A is:

2 2 =

1 " % 4i'h :
(R A)- - 319 A e/ € + _i_.v_
[¢) kT NA e ND Th

One way to increase R A might seem to be to use higher dapant
levels, since RgA Ny- However, for Auger-limited lifetimes, the lifetime
decreases as NAZ. thus cancelling out the advantage gained by heavier doping
unless the doping 1s such as to make the material degenerate. For a (Pb,Sn)Te
diode: .

[-— .
- S 2 ’ .
(RoA) kT q nl [‘b unY + “n'] "

.3
where y is the Auger recombinaticn cocfficient. Thus, no advantage e
gained bty heavier dopant con.entrations.
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The other way to Increasc R,A is the use of reflective back-side
contacta. Reflective back-side contacts could he realized in a number of ways.
Examples include thin (Pb,5n)Te films on a substrate such as BaF; or epitaxial
(Pb,Sn)Te on PbTe. 1In order for the full potentia™ of the refleztive contact
to be realized, the density of interface states ¢- surface states must be suf-
ficfen%ly low that minority carrier generated from the interface or surface states
are fewer than those which would be generated from within a diffusion length
from the junction. Due to the relatively chort Auger lifetime in n and in p-type
(Pb,Sn)Te, the advantage to be gained from tha reflective contact is smail. The
diffusion length for (Pb,Sn)le doped at 1.0x1016cn™3 1g 52um at 80K and 2)ym at
120%; at least Bum are required for collection of rignal. Therefore, the reflec-
ting back-side contact results in less than a factor of 7 improvement in RjA for
(Pb,Sn)Te at 80K and a iactor of 3 at 120K. Tae improvement is also shown in
Figure 4.10.

4,5.2 {(Pb,Sn)Te Heterojunctions

(Pb,Sn)Te heterojunctions are fabricated by growth of an epitaxial
(Pb,Sn)Te laver on a PbTe substrate. The PbTe substrate is usually p-type
with N, ~ 1017cm'3; the epitarial layer is doped or annealed to n-type Np ~
3.0x1016cm=2. To calculate the heleronjunction performance we aswume that the
electron affinities of PbTe and (Pb,Sn)Te are equal. A3 A E, >> A E, for a
p-tvpe PbTe substrate and an n~type (Pb,Sn)Te film, it 1s assumed that the do-
minant source of current is hole diffusion current. For a heterojunction,

| ) N
-1 o fa il e n 2
(R #) = tan
c kT Y T N L
D cn h

2 3/2 . -
as N a 1x % o Eg 2 Nep/Ncy = 0.27. For Np ~ 1x10'°, 1, % 30un

at 120K. The distance b must be at least 8um for signal collection; thus,
the improvement from reflecting contacts is approximately a factor of 4.

6

4.5.3 (Ib,Sn)Te Schottky Barrier Diodes

The expression for R A for a Schottkv barrier diodcis given 1in
Section 4.6.5. The best (Pb,Sn)le devices exzeeded the 1imit for truc Schottky
barriers. The metal work function was much greater than the band gap; thus,
an inverted reglon below the metal caused the device to behave more like a
conventional p-n diode than a Schottky barrier. The limiting performance for
a (Pb,Cn)Te Schottky barrier is shown In Figure 4.11 {or Pp = Eg, which is the
maximum @y possible without inversion. The corresponding operating temperature
for RoA - 0.01 is 100K, well below the corresponding operating temperature for
p-n diodes.,
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4.5.4 Summary: (Pb,Sn)Te

The optimum device design for elevated temperature operation for
(Pb,Sn)Te is the p-n photodiode. .leither heterojunctions nor Schottky
bSarrier diodes can achieve performance supervor to p-n junctions at elevated
tezperatures, although heterojunctions can obtain equivalent performance.
The maximum operating temperaturc for a (Pb,Sn}Te photodiode with rcflecting
back-side contacts is 135K for D* = 8.0x13%a Hz3/w at 2o = 12um, The ul-
timate device performance is limited by high diffusion current due to 4 short
Auger-limited lifetime; present devices approach this limiting performance.
Thus, further improvement in (Pb.Sn)Te performance at elevatcd temperatures
is unlikely.

4.6 PERFORMANCE LIMITS FOR (Hg,Cd)Te PHOTODIODES

In this section the limits for 12-im (Hg,Cd)Te photodiodes at elevated
teperatures are determirad. Three types of devices are considered: p-n
junctions, heterojunctions and Schottky-barrier diodes. The performance for
12~im devices fabricated using presently available materials and device tech-
nology is calculated ard the performance possible with improved materials
and improved device design determined.

Due to the assymetry of the conduction and valence bznds in {Hg,Cd)Te,
three device designs with different performance characteristics are possible:
n- on p, nt on p and p+ on n, We consider each device type.

4.6.1 n~ on p (Hg,Cd)Té Photodiode

Ve conslider first the device design presently used for wide bandwidth
applications, ..e., a lightly doped (5x1014cm=3) n-layer on a heavily doped
(1x1017cm=3) p-tvpe wafer. The depth of the junction below t . surface is 2um,
limited by the diffusion time and temperature. As the surface 1s doped a+,
the front contact is effectively a reflecting contact with b = 2um,

Figure 4.12 shows RgA as a function of temperature for both the n and
p sides. Present devices are limited by the short recombination time in p-type
(Hg,Cd)Te with Tp ~ 3x10-8s.  If the p-side lifetime is increased to the ra-
diative limit, a factor oi five improvement in diffusion current Is possible.
If the lifetime is increased to the radiative lamit, the diffusion length on
the p-side is increased to 200um for Ny = 5x1016c3‘3. However, only 10,m are
required for signal collection. Thus, a factor of 20 increase in RgA is possible
with 2 reflecting back-side contact; this is also shown in Figure 4.1l.

At elevated temperatures, however, the diffusion rurrent from the n-side
dominates. For a n-side doped 1 0x10}9em™2, the Auger-lirited lifetime 1s 1.5Ls
at 77K and 37ns at 160K.* Ou the p-side, doped My ~ 1.0x1617¢m=3, the
radiative-limited lifetime is not strongly temperature dependent.

* The n-site becomes fntrinsic above 120K and at 160K n, = 7.5?10]5cm'3

77-1-6 4-26
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4.6.2 n+ on p (Hg,Cd)Te Photcdiode

The n+ on p is formed by {on implant or diffusion of a n+ layer on
a p-type wafer. As discussed in the previous section, the n+ doping concentra-
tion (~1.0x1017 - 5.0x1018¢cm=3) renders +he n-side degenerate. This resuits
in an increased Auger lifetime ond lower minority carrier density on the n-side,
thus substantially improving the performance at elevated temperatures. 1lhe
analysis of the previous section indicates that the device would be limited b,
diffusion from tue p-s.de.

Figure 4.13 shows the calculated R A ac a function of temperature
for a diode with an accepter concentration My = 5.0x1016cm'3. The lcwest
curve is for a 30nsShockley-Read limited lifetimes presently observed 1in p-type
(Hg,Cd)Te. The electron diffusion length is ~34um, so reflective back-side
contacts would improve R A by a factor cf 3. If the lifetime can be improvec
to the radiativz limit, the operating temperature is increased. However, the
diffusion length is increased to 176um; use of a reflective contact can result
In a factor of 18 improvement in RK,A. Tnis {s <lso shown in Figurc 4.13.

At temperatures below 150K the p-side lifetime is ultimately lipited
by radiative recombination. However, above 150K electron-electron Auger recom-
biration becomes dominant and limits device perfcgmance (in p-type rhgz,Cd)Te
dcped Ny < 1.0x1018cn™3 2lectron-elect:on Augc: processes dominate hole-hcle
processes; the Auger lifetime 18 given by the intrinsic Auger lifetire Ta{).
Thus, above 150K the RoA of a n+ on p Junction with reflecting contacts rolls off
rapidly due to electron-elactron Auger pirocesses.

A device design using a more heavily doped p-side has scmewhat better
performance at elevated temperatures. For Ny = 1.0x1018¢5"3 the radietive life-
time 1is ~20ns, which is shorter than tne Auger lifetime and cnorter than Snockley-
Read lifetimes observed on present p~type (Hg,Cd)Te. Thus, the p-side lifetire
could be radiatively-limited over virtually the full temperature range up to
190K. As the results of sections 2 and 3 indicated, for a p-n junction with
reflecting contact limited only by radiative recombinaticn the RoA is independant
of doping level. Thus, a nt+ on p+ device degign offers the best performance ac
elevated temperatures. At tempervatures below 150K the performanc: is equivalent
to the nt+ on p design. Tigure 4.14 shows R,A as a function of temperature for
a8 n+ on p+ design.

4.6.3 p+ on n (Hg,Cd)Te Photodiode

The pt on n desiyn would be fabricated by fon implant of a thin
(IOOOR) p+ layer on an n-type wafer. The device ls very attractive at low
temperatures for the following reasoa. Low carrfer conconirasim a-tyc
(Hg,Cd) Te displays lifeiimes closu to the Ausur linlt while aa p-tvpe the
lifetime {s shorter than the radiative limi: Jue to a Schocklzy-Real ~enter.
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If a thin p+ layer were implanted, the diffusfon length in the p-type material
wouid be restricted to the 10002 implant depth a.d the p-side would contribute
negligible diffusion current. Thus, no effort to improve the lifetime in p-
type {Hg,Cd)Te would be required. At 77K, the diffusion-limited RjA for this
device would be 15.09-cm2. For Np = 2x1014, the Auger lifetame is 6ps and the
diffusion length is 30um. However, at elevated te-peratures, higher dopant
levels are required to maintain Np > n,. At 170K, for exampie, nj = 1.0aiG16
em~3 and the Auger-limited lifetime for Np = 2x1C6 is Sns. This resultsin

a diffusion length of 800\, much too shert to collect the signal. Thus, the
device is limited bv the short hole diffusion length in n-type (Hg,Cd)Te at
elevated temperatures. The maximum operating temperature determined by the
necess{ty to have L, > 8um is 120K. The D* obtained at 120K would be 3.0x2010
cm Hzﬁlw. Figure 4.15 shows R,A and diffusion length for a p+ on n structure.

4.6.4 Hetervjunctions

The fuudamental advantage gained in using a heterojunction for (ily,Cd)Te
instead of a homojunction is that one side can be made of a sufficientiy waid:
bandgap that diffusion noisec from tkat side is reduced to a small value. As the
limiting factor in a p-n (Hg,Cd)Te homcjunction could ultimately be diffusion cur-
rent from the n-side, the use of a wide bandgup n-side would eliminate this limi-
tation. The RoA for the diffusirn current in a heterojunction with the wide-
bandgap side n-type is:

2
n N u
Rt g Ja el
o kT N N T
A Ccp e

and the generation-recombination limited RoA is:

/ n, n

kA r.4¥ o e, Lo
o 2V 21 21
D op on
where:
N ND NCP
V = kT 1n - -
D 2 N ..
n [
i,p

3/2
As the conduction-band density of states Ng is preportional to (M*/My) , the

ratio of tne densitics of states 1is:

”
. - 372 £ 3/2
LN __epn o | a0
N7 MA E
cp e,p g+P
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which is a small factor as long as the gaps on tke p and n side are not greatly
different. Thus, the heterojunction theoretically offers R A values eguivalent
to a p-n junction. The heterojurction would reduce n-side diffusion current.
n-side diffusion current is not thcught to be a limiting factor in n+ on p diodes,
but the uncertainty ¢f Auger lifetime calculations in degererate n-type (Hg,Cd)Te
makes the conclusion tentative. Should n-side diffusion current be a significant
factor in improved n+ on p diodes, then a heterojunction would iuprove ROA.

4.6.5 (Hg,Cd)Te Schottky Barrier Phorodiodes
The ROA for a Schottky Barrier photodiode is given by:

K N
ROA YR exp (q ¢B/KT)

For a true Schottky barrier, ¢_< Lg. Figure 4.17 shows calculated R A
versus temperature for a 12-ym (Hg,Cd)Te Schottky Barrier. The best performange
is with n-type (Hg,Cd)Te due §° the low effective mass. The limiting operation
temperature for D* = 8,0 x 10 cm Hz%/w is 135K. This is lower than either the
a+ on p hnmojunction or the heterojunction device design.

It 1s possible to achieve higher RoA ty using 1 metal with a work
functlon such that ¢ >> Eg. This results in an inversion layer vnder the metal
and the resulting device is not a truve Schottky barrier, but rather a p-n junctiocn
with the inverted surface strongly degenerate.

The perforumance would be similar to the nt+ on p diode for a p-type
wafer or p+ on n for a n-type wafer. The Schottky Barrier diode thus offers no
sdvantages over ordinary p-n diodes.

4.6.6 Sumaary

The analysis of the previous secticn has indicated that dcvice design
has a substantial impact on elevated temperature perform-nce. Six (Hg.Cc)Te
device designs were considered: n- on p, p+ o n, n+ on p+, heterojunctions
and Schottky Barrier photodiodes. The n- on p and p+ on n deslgns were “sund
to have poos elevated temperature performance due to high n-side diffusion
current resulting from the short, Auger-limited lifetime in n-tvpe (Hg,Cd)7e.

By doping the n-side finto Jegeneracy, the Auger recor ination mechanism is
greatl, reduced in strergth and the n-side diffusion current reducec accordirngly.
Thus, device designs using a n+ doping offer improved performance at elevated
temperatures.
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The n+ on p and the n+ on »+ design.. can achieve radiacive-limited
oe lifetimes and hence performance at the theoretical limit for quantum decectors
at low and moderate temperatures. However, tc achieve radiative-limited life-
times above 150k the p-5Zde must be doped at N, = 1.0 x 1018¢n73, ‘Thus, only
it the n+ on p+ design is capable of performance at the theoretical limit for a
quantum detector at high (150K-200K) temperatires. Hetercjunctions offer per-
formance nearly equivalent to p-n junctions. Only if the n-side diffusion cur-
‘ rent in n+ on p diodes is a limiting factor cculd heterojunctions offer improved
X performance. Schottky pariier photodiodes do rot appear to offer good elevated
- temperature performance.

Present i12-pm (Hg,Cd)Te phctodiodes achieve performance considerably
below the theoretical limit due to a short, Schockley~Read limited lifetime in
.- moderately p-type (Hg,Cd)Te. If the liferime is imoroved, then use of reflective
back-side contects can result {n a substantial improvement in R A. Finally,
for elevated (150-200K) operation the p-side coping level must be increased to

N, ~1.0 x 1018cn™? to achieve radiatively-lirited lifetimes.
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Section S

PERFQRMANCE LTMITATIONS OF 8 TO 14 MJCROMETER
PHOTOCONDLCTGRS AT ELEVATED TEMPERATURES

5.1 INTRODUCTION

Photoconductors have been used for several earth-sensing catellite
applications in the 8 to l1l2-micrometer spectral region. These devices were neceo-
sarily cooled by cryogens, to obtain high sensitivities. Cryogenic cooling, how-
ever, requlres large commitments of space, power, and weight. all at a premium
In gpacecraft applications, and further—ore limits the wseful lifetime of the de-
tector. Operation of photoconductors at non-cryogenic temperatures, while main-
taining hign sensitivity, would vastly increasz their desirability and potential
applicartions; this has been a goal of infrared device research for years. 1In
this section we explore the present and ultimate limitations of photocondictors

in the 8 to 12-micrometer region, with an eye to future high sensitivity, high
operating temperature, 3Rd multielement detector arrays.

Two variable-bandgap semiconductors, mercury-cadmiuvm telluride (Hg,Cd)Te
and lead-tin telluride (Pb,Sn)Te can be tailored to the 8 to 12-micromcter region,
and so qualify as candidate materials, (Hg,Cd)Te has been used extensively
as a photoconductor, while (Pb,Sn)Te has to date been used primarily as a pnoco-
diode material; both will be fully examined as to high-temperature photoconductive
applicability. A model of photoconductors is developed in Section 5.2 and used
both to predict theoretical limits, and to analyze present device performance. The
msterlals sre compared as to present and projected performance, and promising areas
of research noted.

5.2 MODEL

A computer model was developed to predict the performance of photocon-
ductive detectors. Detectivity and power dissipation, as a function of operaring
temperaturc, were the calculated quantities of nost interest; resistance, lifetimes,
carrier concentratlons, and nolse voltages were also program outputs. In formula-
ting the model, the philosophy was to use the most general expressions available,
to allow comparison on a common basis of various detcctor materials, carrier types,
and doping levels. Wherever possible, quantities of interest were calculated from
fundamental material parameters {Section 5.3), rather than assuming values, te
preserve the generality of the model. Lifetimes are a good example cf this. Dif-
ferentiation between the varfous detectors come about through inputs to the program,
walich include mobilitics, iantrinsfc carvier concentretion, c¢ffective masses, cutoff
wavelength, and dcping level.

Th- modcl assumes non-aegenerate statistics are valid, this is the case
for the low doping levels commeonly used in photoconductors. Trapping effects and
Shockley~Read recombination, both of which depend heavily on the particular picce
of material used, ar not taken into account by the model. They are, however,
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discussed in the text. With these qualifications, the model is as follows.

In order to be useful at any operating temperature, a device must
have a high detectivity (D*;). Tne defining equation for D*) is:

X -
b A RA A Af/In (5.1)

where chese and all symbols used in this section are definad in Table S5.1. The
noise current (I,) may come from several sourees. .lohason or thermal noise due
to the random thermal mction of charge cairiers, is given by the familiar ex-
pression:

IJ2 = 4 KT Af/R (5.2)

Another mechanism, generation-recombination (g-r) noise, results from
statistical variations in the rates of generation and recombination of charge
carriers in the device. °The carriers may be either thermally generated, or
created by phstons from the background. The expression for g-r noise is:

2 2 2
Igr 4q" G g Af (5.3

where g is the generatior rate, given by:

AP L. (5.4)

&= T (n+p)

Here, 1 and p include both thermal equilibrium and background generaced carriers;
the expression for g-r noise includes both mechanisms. Other noise mechanises,
such ae 1/f noise, and amplifier noise are not included in the model, but are
discussed later.

The respensivity (RA) is in general:
F =49 nAG/he (5.5)

where G 1s the photocondustive gain factor, given by:
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= s + ; 2
c r/cd T (uc uh) Vil (5.6)

The two expressions for D-), based on the two noise mechanisms, can be
defined; the limiting D*) being the smaller of the two. Equations 5.1, 5.2, 5.5
and 5.6 lead to the expression for Johnson-limited D%*),

nlt(+1) p

%
J  2hct(n b+p 41 (b+l) ) (2 w KT
o o b

D* ) .7)

where the new symbols are power dissipation P = VZ/R, and the mobility ratio
b = yg/uy. Equatiorns 5.1, 5.3, 5.4, 5.5 and 5.6 give the g-r limited D*A:
+ +
n A 1(no ®, 2 nb) by

D* = (5.8)
gr 2 he T(no + nb) (Po + nb)

The carrier lifetime T appears in both D*; expressions, and is an
extremely important material parameter. It may be limited by any of several
mechanisms: (1) Radfative recombination, (2) Sweep-out, (3) Auger recombination
and (4) Shockley-Rezi recombination.

(1) Radiat{iv2 Recoubination

g .
A general treatnent of radlative recomtination, found 1n Kinch,
defines the radiative lifeti=e as:

- -1
Tr LB (n° + po + nb) (5.9}

where B is the capture probability. Assuming parabolic bands at k = 0, non-
degeneracy, and a theoretical expression for the absorption coefficient, B is
given by:

.1 * \
m 1 m m
: - -1/2? 00 V3,2 _ 2
B = 5.38x10 13 cwli ;E- + gh‘ /: 1+ '2; + —2;‘ é}‘ 3 Eg (5.10)
o o m L
() Sweep-out

With large enough bias on a device, the mino~ity carrlers ray be swept
out w. the conteots and rerombine, which limirs carrier lifetimes. {(Majoritv ~
carrirrs are also swept out to the contacts, but charge neutrality prevents theo
from recombining iaster than the minority carrters.) This sweecpout is deperdent
on the ambipolar drift mob!]iry,s'z' *

5~4
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which indicates no sweep-out will occur in intrinsic material.
carrier to be gwept out by the electric field E is then:

The time fnr a

{5.12)

(3)

Auger Recombirarion {Band-to-Band)

Due :o the diiferent band structures of (Hg,Cd)Te and (Pb,Sn)Te, esch
has a different expression for Auger lifetime.

{Hg,Cd)Te:

Depending cn the type and deping of the material, either electron~
electron cr hoie-hole collisions may dominate the Auéer recombination process.
.4

Taking into account both these phenomena, Blakemnre glves:
n 2
T, = L o (5.13)
A n +n p +n .
+
(n, +p, nb)(_ o b, o b)
ar Tat

where Ty is the Auger lifetime in intrinsic materi.. for electron-eiectror
processes,

E
7.58x10718 emz(l £ 3+ ) exp (B2 B]

1 - 1l +ypy XT
AL (EI 12 'FIFZIZ m*
E m

\ &/~ °
and Ty, 1s the intrinsic 1ifctime for hole-hole collislous, arrived at by
changing m,*/m, and my*/m, in the expression for Tpy. Here L = me*/mp* :s
effe~tive mass ratio, and Fj and F, rre overlap integrals of the pericdic par. of
Bloch functions for the conduction and valence bands. These overlap integrals
can only be approximatid theoretically, and as Kinchs'1 poiate out, limit the cai-
culation to order-of-.apnitude accuracy. Experimental lifetime data has becen
cbtained by Kinch ct al and 18 used to determine fFlrgf

(5.14)

inter-~
the
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(Pb,Sn)Te

A calculation of the Auger lifetice in (Ib,Sn)Te has recently been done
by Emtege§~5lm cerives the following expression for n-type material:

4 3 -r E
-1 S/2 N 2 _q_ L -7/12 __a { R
= (2n -_— - KI)°E —_— — .
T, T OmT T = (KDUE . 372 °*P| 2 kT (5.13)
. N € m m
« A
where: N = nurber of corduction band valleys
N' = number of valence bands that each conduction band can scatter into
m, = longitudinal effective mass
mt = trarsverse effecti-: mass
r

= mtlmlz 0.1

Using values of T = 77O and Eg = 0.1, he obtains Ia-l = 57(10‘.26 nz.
Incorporating the dependence m* = §;, the following expression for any tempera-
ture and bandgap is found:

¥ E & E
. 25 27 g rr_ 0.1 g -2
T, 22107 () G exeigg OFF T)] n (5.16)

The conditions on the validity of the calculation are r << 1 and KT/2r7, << 1.

For (Po,Sn)Te, v = 0.1, sn the first conditfon 1s probably true. Howevér, for 12u=a
material at 180K, KT/ZrEQ = 0.78. This leads oune to 2xpect only order-of-magnitude
accuracy for the calculation, making Auger lifetime a critical poirt in tne model
for both (Pb,Sn)Te and (Hg,Cd)Te.

The effuctive lifetime (T) of the carriers is limited by the shortest
of the three mechanisms:

1
4,
T T
r s0

S (5.17)

[
-4
>

Other effects, such as Shockley-Read recombination, are not specifically
inciuded in the model, but are corsidered in evaluating its results.

One nnteworthy aspect of the model is the use of an energy pap value
which remains constant with temperature, whereas an actual device has a tcmpera-
ture-dependent bandgap. Th: reason is straightforward: this study deals with
the performance of devices witha particular cutoff wavelength (ll.5um was chosen),
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operating at various tecmperatures. Therefore, it must be kept in mind that the
predicted curves of D*) versus temperature represent the locus of detectors
operating with a specified cutoff (hence, energy gap), rather than any particular
device, which would have a different cutoff for each temperature.

An alternate version of the program was also prepared, which accepts the
x-value in }3;_,Cd Te or Pby_,SnyTe, rather than the cutoff wavelength, as an
input. Expressions for the energy gap as a function of x and temperature are then
used to calculate the rutoff wavelength as it changes with temperature. This
version, which models the behavior of particular devices, 1s used in evaluating
measyred data trom present-day detectors.

5.3 MATERIAL PARAMFTERS

Values of the material parameters used in the moae] are presented
in Table 5.2, with references. The table 1is seif-explanatorv, with the exception
of the expressiuns for mobility, Mobility values used in the model are fits to
experimental data, rather than purely theoretical calculations. In this it is
believed that device performance will be more accurately predicted. -Theoretical
expressions for mobllity dosngt fit the data over a sibstantfal range of temnera-
tures (see Scott's analysis” " of electron mobility in (Kg,ld)Te, wnile eaperi-
mental mobility data are generally available. The origins of the expressions for
mobility in Table 5.. are discussed below.

(Hg Cd)Te Mobility:

The electron mobility in (Hz,Cd)Te as a function of temperature and
composition has been measured by Scott.d:6 A good empirical fit to his data, for
x = 0.20, is given by:

- A
M, = 7.73x10 T 394 ss <1< 300

5 (5.18)
ue = 3.3x10 s T <55

with 1 given 1n K.

Direct measurements of thv nole mobility -sersus temperature in x = 0.20
(Rg,Cd)Te arec mnot available; consequently, the hole mobility is arrived at from
th clectron mobility and the mobiliiy ratio b = ue/uh. The best measurcement of
b avaiiable com ~ from the data of Emmons and Ashley’+/ on 77° minority carrier
sweepout in Hgp gCdg_ 2Te. They find pp = 700 cm2/volt-s, but do not meacure Ue.
From Scott's data on material like that used bv Emmons and Ashley, Me = 1.7r103 at
770, vielding b = 240, This value compares favoraoly w'th the value b = 200
found by Reynoldss'a at 779, and b = 100-230 in the 7°¢-100°K range found by Tasch,
et a1.5'9 both for x = 0.20 material.
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(Pb,S5n)Te Mobility:

Because of the band structure symmetry in (Pb,Sn)Te, hole and electron
mobilities will be equivalent, for the same temperature and carrier concentration.
An expression for the mobility as & function of temperature, carrier concentra-
tion, and energy gap has been derived as follows: The temperature dependence
has been experimentally found?+10 to closely follow the relationship predicted by
phonon scattering; namely, ¥ = T‘S", for temperatures of interest. The depen-
dence of the mobility on carrier concentration has been found by ZoutendyW-11 to be

Ve, ¥ a n=2/3, p~2/3, for T = 770 and x = 0.20. The dependence of the mobility
on the bandgap is not available for (Pb,Sn)Te; this functional relationship, which

ghould be similar to that for (Hg,Cd)Te, was consequently derived from Scott's?:6
(Hg,Cd)Te data. From this source one obtains u versus x, which can be directly

transformed to u veraus Eg. Collecting these functional dependences, and fitting
Zoutendyk's curve for x = 0.2, T = 77K, we obtain:

4 /T ~5/2 n =2/3
Me,p = 1:16 x 10 (—7—7-) (—*P—-wm) exp [-6.93 (E5 - 0.1)]
(5.19)
- 1.207 x 1022 T2 @, 9% enp [-6.93 E5]

Measured data at low carrier concentrations and temperatures reveal the limits of
this expression. No mobilities above 3 x 104 are reported, and Melngailis and
Harman see nearly constani mobilities at this level, for low carrier concentrations.
A saturation at ue,h = 3 x 104 in, therefore, incorporated in the model.

5.4 PERFORMANCE OF PRESENT 8-14um PHOTOr:ONDUCTORS
5.4.1 N-Type (Hg,Cd)Te

Currently available n-type (Hg,Cd)Te photoconductors operate near the
theoretical limits for detectivity; a representative case is presented in
Figure 5.1.5'12 Measured D* values for a l2-element linear array at 105K are showm,
along with the theoretical D* curve calculated using the material parameters of
the devices (x = 0.2C, Np-Ny = 2.7x1014, Area = 5x5 mils). Note the uniformity
achieved over 12 elements. The quantum efficiencies of the devices were not mea-
sured, sc curves are included for both the ideal case, and a more realistic
n=0.7. Measured values are within a factur of two of the calculated limits,
indicating 1ifetimes close to the theoretical expressions. Assuming these devices

follow the calculated temperature dependence, the best 5f them should reach the
8x10% D* level at 126K.

Higher cemperature data is also available, this time for a single
element detector. Operating under a reduced field of view (110°9), the device
obtainea D*) = 2.6x1010 at 120K. This corresponds tc a D*) under full field of
view of 1.7x1010, very near the calculated limit for 120K operation. In addition
to near-theoretical D*, the device had the small area (4x4 mils) required for
large array applications. Apparently very little developmeat is necegsary ta
approach the ultimate performance limita for n-type (Hg,Cd)Te in this elevated-
temperature application.

<o -
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5.4.2 pP-Type (Hg,Cd)Te

Very little dsta exists on p-type (Hg,Cd)Te photoconductors. Histori-
cally, low carrier concentrations were obtained only in n-type; hence, develop-
ment efforts concentrated on it. However, recent research by Stelzer and Schmit5'13
has produced rather low carrier concentrations in p-type material (p, ~ 1015cm’3),
and exploratory development of photoconductors is Just getting underway.

To date, only devices with x = 0,365 (Aco = 3.5um at 200K) have been
fabricared.? 1% However, an understanding of the processes limiting performance
in 3-micrcometer material is useful {n predicting l2-micrometer device performance.
The fabricated devices, uvith p, = 3x1016cm=3, were simulated on a computer, using
the model of Section 5.2 and physica’ parameters reported for the devices. The
results of the calculations are presented in Figure 5.2, with the data points. At
77°, the measured D* is near the predicted g-r limited value, indicating a nearly
theoretical lifetime (the model indicated radiative recombination 1s the dominant
process over the illustrated temperature range). At 310 K, Johnson noise limits
the D* for the bias used; the nmeasured value 1s again close to the calculated
value. This agreement with theoretical D* values is rather remarkable, consider-
ing the first-shot nature of the work, and demonstrates the high quality of the
available p-type material. Further development will be expected to raise the
r-cformauce even closer to the ideal limit.

In this preliminary czudy, noise in the detector was found to be constant
for bias curreants less than 0.5 mA; atove this value, a super-linear increase in
noise with increasing bias was observed. Attributed to electrical contact problecms
bv the authors, the problem will require further work. 1/f noise below 1 kHz 1is
another non~ideal characteristic of the devices, but this little-understood
source of noise is one common to ph-toconductors.

The work to data on x = 0.365 (Aco = 3.3Um) material looks encouragirg
for the development of x = 0.2 (12um) devices. Good material with x = 0.2 las
been grown, although lifetimes have generally been saort, 20 ns for the best
Further development work is called for, especially on the source of the short
lifetimes.

5.4.3 (Pb,Sn)Te

Although principally used as a photodiode material, (PbSSTgTe has been
febricated into photoconductive detectsrs by several researchers.”’ . However,
it has not been specifically employed for elevated temperature operation; detectivity
data is avallable only for 77K and lower. Tr general, these devices have been of
substantially lower performance than elther (Pb,Sn)Te photodiodes or (Hg,Cd)Te detec-
tors of either mode. Understanding the performance limiting mechanisms is a pre-
requisite to fabricating (Pb,Sn)Te devices for hign temperature cperation. )

{

ORIGINAL PAGE (3 5-1 3

171 OF POOR QUALITY




e . vt 4 o e —

Y o

e i g e v we= v

———

=3 x 10‘6 cm-3

P
[+
ny, = 1.5x lomcm-3
n=0.5
¢
0OE /—JOHNSON
=
3 \ MEASURED
3
2.9
—“N ‘o -
T u o
! - MEASURED 7/
5 i
* < 3
o
k
o bttt ottt

60 B0 100120 140 160 180 200 220 240 260 280 300 320 340
TENMPERATURE (°K)

Figure 5.2 3-ym p-TYPE (Hg,Cd)Te DETECTOR. DATA ARL
FROM RETERENCE 5.14.

5-12

77-1-6



ey el

oo} |

s L

One of the most serious problems with the materjal has been the diffi-
culty of obtaining low carrier concentrations. (A low carrier concentration is
necessary to produce high resistance, and hence, low thermal noise current. This
constraint is much less severe for photodiode applications, where the junction
resistence dominates.) As-grown material is typicslly in the 1619¢m-3 range;
various annealing procedures are used to reduce this value. Lowering the concen-
tration below 1017cm~3 is extremely difficult by simple annealing, however; the
reason is apparent in Figure 5.3, reproduced from reference 5.17. The range of 1so-
thermal annealing temperatures for low mobility is so minute as to be nearly un-

attainable. 1t
210

-

<
—
'3

11—I17lll

! /
|

CARRTER CONCENTRATION (cm™J)

I 0O n-tyne
18 _':C\
10 - ‘“' O p-type
v 10! NI | 1
240 260 260 300 20 340

ANNEALING TEMPERATURE (OC)

Figure 5.3  CARRIER CONCENTRATION VS ANNEALING TEMPERATURE
FOR ISOTHERMAL Te-RICH ANNEALING OF
Pby 00Sny oFILMS. FROM REFERENCE .17

Different anneal’ng ptoigdures have been used to get around this:
H’elngailiss‘l5 achieved 2 to 8x10"" concentrations in bulk crystals, using a very
long (60 days) two-temperature annealing process; Logothetins']6 reports concentra-
tions of 3.9x1016 in epitaxial (Pb,Sn)Te, after annealing in the presence of metal-
rich bulk material; sputtered filme of high quality have recently been reportedS.1i7
with 1016cu~3 effective carriers, when deposited in the presence of gaseous addi-
tives. Thus, it is presently possible to get fairlv low carrier concentrations,
with substantial effort, although not as low as that achieved in (Hg,Cd)Te (~1014).
As the elevated temperature performance 1s critically dependent on carrier con-
centration, this is one of the major factors currently limiting device performance.

5-13
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Another serious problem has been short effective carrier lifetimes, which
lover D* well below the theovetical limits (Johnson noise limited D* is propor-
tionel to the lifetime T, while the g-r limited D* is proportional to 15). Life-
time data was obtained by Melngailis>-1> for Bridgman-growvn and annealed single
crystals; this aata Is corpared to theoretical calculations of the lifetime (using
the moael of Section 5.2 and Melngailis' device parareters) in Table 5.3

TABLE 5.3
COMPARISON OF MEASURED AND CALCULATED
LIFETIMFS IN (Pb,Sn)Te PHOTOCONDUCTOR .-
Temp. Measured Radiative Auger Sweepout ..
(K) Teff Lifetime  Lifetime~18 Lifetime

77 1.5x10°8  1.3x10-6 1.0x10-6 1.3x10°5
198 3x10~8 1.2x10~6 1.6x10"7 5.3x1077

300 4x1078 4.2x10~7 7.4x1079 3.6x10-3

It is seen from Table 5.3 that none of the calcilated mechanisms
account for the observed lifetimes, at least below 300K. Melngailic attributes
the short lifetime to dislocations and other crystal imperfections (providing
Shockley-Read recombination centers) and it appears that the prublem with imperfect
material .1 widespread. Logothetis estimates lifetin-s in the range 1078 o 10775
at 77K from responsivity values; the General Dynamics group found T £ 7x10-¢ at
77K, although this is an upper limit imposed by the measurement equipment. Thus, -
Shocklay-Reaa processes are apparently dominant at elevated temperatures in the
materiz) currentiy produced. Tha exact mechanism 18 not well understood by any
means, and the road to a sclution 1s not clear.

Poorly understood noise processes zre alsc a problem in (Pb,Sn)Te.
Both Melngailis 5-15 ond Logothetris?+16 report a noise component which increases with
biss, and decreases with frequancy. Logothetis interprets this as a contuct
noise and has determined the frequency dependence as (frequency)'*. The G:zneral
Dynamics group5'17 also reports an excess noise, neither Johnson nor g-r in origin;
it follows a 1/f dependence up to a breakpoint in the 1-10 kHz region, after which
the noise spectrun is flat. Although contact problems are suspected, the exact
source of these noises are urcertain. They do provide limitations to device per-
formance at low frequencies, and at moderate to high biases.
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The best reported performances for (Pb,Sn)Te phutoconductors in the long
wavelength region are summarized in Table 5.4. It must be noted that the D*
values are for 77K; at elevated temperotures the detectivity would be significantly
lower. The problems which limit good performance-high carrier concentration, short
lifetimes and poorly under3tood noise processes, are ones which would require a
substantial effort to solve if a solution 1g possible. Thus, (Pb,Sn)Te is clearly

unsuitable for photoconductive operation at elevated temperatures in its present
state of development.

TABLE 5.4
PRESENT-DAY PERFORMANCE OF (Pb,Sn)Te PHOTOCONDUCTORS

Cutoff D*A

Wavelength  Temperature .
Ref. Material (K) (X) (cm watt */Hzg)
5.15 Bulk single 11 77 3x108

crystal
5.16  Epitaxial 10.8 77 6.6x10°
5.17 Sputtered > 11 77 5.4x10°
5.5 LIMITATIONS AND ULTIMATE PERFORMANCE

To evaluate the ultimate performcnce limits expected for photoconductors,
and to discuss the sources or problems in present-day devices, the model of
Section 5.2 waa employed. The (Hg,Cd)Te and (Pb,Sn)Te of both n and p-types were
examined, varying parameters such as carrier concentration and bies3 to obtain the
optimum performance at high temperatures for each material.

Several parameters of the model were given standard values through all
the computer runs, either to fit the desired application of the devices, or to
provide a uniform basis for comparison between the different materizls. A simple
device structure was assamed; (shown in Figure 5.4) the cutoff wavelength was
11.5um; individual elements were 4x4 mil™ for array applicatioas; thz material
thickness, which should be minimized for good D* while still large enough for
godﬂ quantum efficiency, was 5um; quantum efficiency was 1, as best possible case.
A D*) of 8x10%m Hz%/w, was adopted as the minimum detectivity of interest. The
density of background generated carriers (np) was computed from the expression
np = Tn Qp/t, where Qg is the photon flux from a 300° background, and T is the
lifetime necessary to produce a D* of Bx107. All other parameters are as described
in Section 5.2 or input as variable parameters.
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5.5.1 N-Type (Hg,Cd)Te

The determinat.on of optimum device performance i§ complicated by the
dependence on bias and doping. These dependencies are displayed in Figures 5.5
and 5.6. It is readily seen that doping levels should be minimiced for highest
D*, but the denendence on bilas 1s not so straightforward. For maximum detectiviry,
the Johnson-limited D* should be boosted above the g-r limited D* by increasing
the bias. However, excessive blas results in sweepout of minority carriers, which
causes a decrease in D*. 1In addition, power dissipation is proportional to the
square of bias. As these detectors are to be used in large arrays, power dissipa-
tion must be kept to a minimum. The optimum performance at elevated temperatures,
in terms of high operating temperature, high D*, and low power dissipatium, is
obtained as follows: the blas is adjusted to have the Johnson D* above the g-r D*
. up to the point at which D* = 8x109, ard no further. In Figure 5.5 for example,
the optimum bias would be approximately 30 mV, giving the highest operating
. temperature with minimum power digsipation.

In Figure 5.7 are shown the optimua elevated-temperature performance
curves for several material dopings. The critical dependence on carrier concen-
tration is evident. From these curves, several conclusions can be drawn:

1. The maximum operating temperature for a D* of 8x109 is 139K.

This {s limit2d by the intrinsic carrier concentration of the
material.

2. The waterizl is intrinsic above 140K for dopings of 3x1015 or

less; hence, very low carrier concentrations are not necessary
for highest temperature performance.

15
3. At dgpings much above 5x10" y 1t {s impossible to achieve D* =
8x10”, no matter what th: temperature.

The upper limit of 139 K on operating temperature would seem to be a
rather firm one. The limiting value here is the g-r D*, which 1s given by:

pr =02 ‘/l (n,*p,*20,)
- 2 h
E-T c ¥Vt (n°+nb) (P°+ﬂb)

Examination of the equation reveals that all paramcters are either
fired or cannot be improved upon, save possibly the lifetime. The calculated
lifetimes are shown in Figure 5.8 for the best-case detector; Auger lifetire

is seen to be the gole important one at elevated temperatu.es. As noted In

~
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Secifor 5.2, calculations of Auger lifetime are somewhat uncertain due to ap-
proximated overlap integrals. A factor of 4 uncertainty in the value of T,
produces 4 factor of 2 variation in D*gy; this results in a possible spread of
129-149° in the maximum operating temperature. Because the amount of uncertain-
ty in T, 1s unknown, the calculated vaiues will be referred to from now on with
no error bar analysis attached; however, this Lussible factor should be kept in
mind.

An improvement in lifetim: could come from trzpping, which has been
observed in n-type (Hg,Cd)Te. Horever, §t has always been at temperatures of
80 K and lower, and there is no evidence to suggest a trapping mechanism opera-
ting a3 high as 140 K. This operating temperature is then the most reliable
maximum available, based on theory for 8x109 D* performance in n-type (Hg,Cd)Te.

5.5.2 P-Type (Hg,Cd)Te

The situation in p-type (Hg,Cd)Te is not analogous to that in n-type
due to asymmetry in the energy bands. 32Because of this asymmetry, the Auger lifetime
in p-type can be much longer than in n-type at low temperatures. In Figure 5.9
calculated Auger lifetimes for 1017 ¢p-3 doped material of both types are shown,
I1lustrating the advantage in p-tvpe. Since the Auger lifetime is dominant at
elevated temperatures (see Figure 5.10 for a representative case), higher D*
values can theoretically be achieved in p-type, and hence, higher operating tem-
peratures.

In Figure 5.11 are displayed D*gr versus T curves for different p-type
dopings. Consider the behavior of the curves as the doping 1is increased. As ex-
pected, the maximum D* for each curve decreases with facreased doping. However,
anothrreffect is observed; the point at which the exponential decrease in D*
tegins is shifted to higher tewrperatures. The result is a D* advantage for
higher dopings, at elevated temperatures. Contrast this with the belavior of n-
type materfal (Figure 5.5) in which the higher doped material never exceeds tne
performance of the lower. Therefore, increasing the doping rersults in progressive-

ly higher operating temperatures, until the lowering of peak D* with temperature
becomes dominant, dropping the curve below the minimum acceptable D? level.

This behavior defines a maximum operating tempervrature. The optimum doping for
high temperature operation in (Hg,Cd)Te is Ny = 1016; this doping allows an
operating temperature of 149K for a D*) for 8x109.

The noticeable dissimilarities in the D* behavior of n and p-type materlal
are due to the Auger lifetire. A plot of the T, Versas temperature curves for
various doping in p-type (Figure 5.12) reveals the same advantage of higher doping
levels at elevated temperatures secen in the D* curves. Similarly, for the case of
n-type, the D* curves reflect the edvantage of low doping levels, at all tempera-
tures, found in the curves of Auger lifetime (Figure 5.13). These lifetimes are
quantitatively and qualitatively differant beca.se hole-hole interactions are the
dominant process in p-tvpe material, while electron-electron processes determine
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the Litetime in n-type; the great difference in etfective masses makes the pro-

and one that makes p-type material attractive for elevated temperature applications.

cesses involving holes much less irequent. This is an inherent feature of (Hg,Cd)Ti::}%*(

Another asymmetry of (lz,Cd)Te, the large electron-to-hole mobility ratio,
makes minority carrier sweepout a nore prominent process in p-type material, as
seen in Figure 5.10. The bias can then be critical; too much will make the device
sweepout rathe:r than Auger lifetiwme limited, while too little results in Johnson
rather than g-r noisc limitation. Either case may give a significart decrease in
operating temperature. 7This is illustrated in Figure 5.14, where changing the op-
timum bias of 1CO0 mV bv a factor of two in either direccion results in a decrease
of peak D*. This dependence is only crucial for dopings of 1017 ana higher, how-
ever, where the lifetime can be dominuted by sweepout at elevated temperatures.
For lower dopings, sweepout i{s restricted to low tempecatures, and is not a factor
over relatively wide ranges of blas.

The main obstacle to theoretical performance in x = 0.2 (Hg,Cd)Te is the
carrier lifetime at the present time. Lifetimes batter than 40 ns have not been
merstred in the mace.ial; this lifctime is indevend~nt of the temperature. Such
behavior points to Shockley-Read recombination, due to crystal imperfections or
other recombination centers in the lattice. At present the problem is poorly
understood, and basic research needs to be done here to discover the exact cause of
the short lifetimes. Until thls problem is solved, the high operating temperatures
predicted by theory cannot be achieved. Figure 5 15 shows a theoretical curve of
D* versus T for a device with 3 constant 20 ns lifetime, and doping of 1015; this is
the performance to be expected from current material.

5.5.3 {Pt,Sn)Te

Effective masses and carrier mobilities for holes and electrons are the
same in (Pb,Sn)Te, due to the symmetry of the electronic energy bands. This implies
that neither n nor p~-type has an inherent advantage as a photoconductor; the be-
havior should depend only on doping. The results of the model then apply equally
well to n or p~type material.

The best calculated high temperature performances for a range of dopings
are shown in Figure 5.16. These are the curves for devices operated at a sufficient

bias to make gr noise zrearer than Johnson noise. Several points are worth noting
for the graph.

1. The maximum operating temperature for (Pb,Sn)Te photoconductors
1s 180K; this limit is imposed by the intrimsic carrier
concentration. Material doped 2x101%4 or less is intrinsiec
at this temperature.

2. For a doping of 1.0x1015cm'3, D* = 8x109 i1s achieved at 176K.
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3. The desired D* cannot be obtained at any temperature for
dopings much greater than 5x1015,

An ability to achieve high operating temperatures in (Pb,Sn)Te therefore
hinges on obtaining low carrier concentratloms.

Analysis of the calculated lifetimes reveals all three lifetime pro-
cesses are important in these devices. Figure 5.17 presents the lifetimes for
a device doped 1015¢m=3, which seems to be the lower liz't of current technology,
operated at an optimum bilas. Sweepout is important bere, as in p-type (Hg,Cd)Te,
due to the high minority carrier mobil.ty; again the bias is critical in avoiding
elther sweepout or Johnson limited operaction.

Auger recombination is the dominant process at temperatures above 160K,
Since the assumption KT/2rEg << 1 used in deriving at Tp becomes questionable in
this temperature region (KT/2rEg = 0.63 at 160K), some degree of uncertainty in
the calculated value Ta 1s present. It 1s expected that this variation would not
be large; since D*;. is proportional to 1%, and the D* versus T curve is steep in
this temperature region, the effect on operzting temperature should be minimal.
Examination of thc model reveals all other parameters are firm, so 176K shouulid be
a relieble theoretical limit on operating temperazure for this material.

How close to the calculated limits cen one hope to come in practice?
As noted earlier, carrier concentrations near lGlscm‘3 are necessary for the
begr performance; with a large amount of werk, this should eventually be obtain-
able. Low carrier concentration must be coupled with excellent crystallinity, to
obtain near-theoretical lifetimes. To date, this combinatica has not been achieved,
lifet{mes in lightly doped material are an order of mapgnitufe or more shorter than
calculated values, Quantum efficiency is another important consideration. Tre
ideal quantum efficiency of 1.0 uged in the model will not be achieved ir practice,
although antireflection coatit , give some improvement; since D* {s directly pro-
portional to n, this factor could be significant. The steep slope of the D* ver-
gus T curve, for intrinsic materizl, indicates that any factcr affecting D* will
have a large effect on the maximum operating temperature. A 50% decrecasc in D*
belcw the ideal 1imfit, which could come from quantum efficiency, for ¢xample, Jouid
prevent 1015 material from reaching the desired D* at all. A factor of 3 redsction
in D*, which could easily come from non-theoretical lifetimes, would lover the
operating temperature of 1014 moterial from 180 to 153K. The conclusfon i{s this:
high temperature operation of (Fb,Sn)Te photoconductors is highly unlikeiy with pre~
geat state-of~the-art technology.
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5.6 OTHER LIMITATIONS

Several other considerations, not specifically included in the phroto-
conductor model, may provide constraints on the selection of a detector. These
include 1/f detector noise, amplifier noise, power dissipation, and constraints
imposed by incorporation with a CCD for signal processing.

5.6.1 1/f Noise

This problem has been mentioned in the preceding discussions of (Hg,Cd)Te
and (Pb,Sn)Te present-day devices. As noted, it is a poorly-understood no.se
problem present in all photoconductors. Phenomenologically, it is a bias-dependent
detector noise whick depends on frequency as f~%. As the frequency increases, 1/f
noise is eventually lost under the g-r noise; which is constant with frequency.

The frequency at which 1/f and g-r noises is equal 1s called the 1l/f cGiner fre-
quency (fo). Then 1/f noise can be modeled as (folf)li Vgor-

For the present-day (Pb,Sn)Te and p-type (Hg,Cd)Te devices discussed
earlier, £ 1s usually in the 1-10 kHz neighborhood. Because this phenomenon is
common to geteccors made from both materials, it congstitutes no real criterion for
discrimination between them. It must be kept in mind, however, that D* will be
degraded for low frequency measarements.

5.6.2 Amplifier Noige

In the preceding analysis, the effect of rnuise in the amplifier associated
with each detector has been ignored. In a real system tiils must be taken into
account, because the signal-to-noise rati> may be limited by arplifier noise rather
than the device itself. Impedance matching between the amplifier and device must
also be considered, because device irpedance becores quite small at elevated teum-
peratures.

State of the art low-noise amplifiers operate at about 0.5 nV/vHz, and
are built to match Iimpedances from 50 ohms to several thousand. Amplifiers can
be built to match lmpedances of less than 50 ohms, bu% these are not in common
usage. Currently produced photoconductors, operated at cryogenic temperatures,
have higher impedances, so there has been no real need for low-impedance amplifiers.
There is no fundamental principle prohibiting them, however, they would require
high power dissipation. For the devices in this study with the best theoretical
performances, the impedanc: can generally be matched with present-day amplifiers
Curves of impedance vs temperature are plotted in Figure 5.18, for selected devices.
The (¥g,Cd)Te devices of both n and p tvpes fall into the desired impedancc range,
for all temperatures up to and including their maximum operating temperatures
(139K for n-type, 149K for p-type). The (Pb,Sn)Te devices would rejuire the develep-
ment of new amplifiers for cvperation above 155K, but the impedance drops only tr.
25 ohma, which srnould offer no serious problems in arplifier design. Impedance
match.ng 1is thereforg not g critical area in aeveloping elevated-temperature devices.
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The other area of concern 1s absolute noise levels in the system. To
realize maximum performance, the noise voltage of the device (g-r plus Johnson
no‘se) must exceed the noise voltage of the amplifier. In Figures 5.19-5.21 are
plotted the noise volcages vs temperature, from which it {s seen that in all
cases the device nolse exceeds amplifier noise. This holds true for all those
devices studied in which the desired D*) of 8x10% s achieved. For higher carrier
concentrations (approximately 1016 4n (Pb,Sn)7Te and n-(Hg,Cd)Te, and 1018 in p-
(Hg,Cd)Te, amplifier noise does dominate device noise, but at these concentrations
the detectivity Is very low., Devices cof interest are rot limited by amplifier noise.

Amplifier noise, however, must be added in with other noise mechanisms
to determine the effective D*) of the device. The results of this added noise
are seen in Flgure 5.22, and tabulated below.

Carrie: Maximum Operating Temp.
Material Concentration Without Armp. With Amp.
n~(Hg,Cd)Te 1011' e 139K 136 K
p-(kHg,Cd)Te 1016 149 147
(Pb,Sn)Te 1015 176 169

The effect of D*) is not major; operating temperature is merely lowvered
a few degrees. Amplifiers do not, therefore, present a problem in developing
elevated temperature photoconductors.

5.6.3 Power Dissipation

Power dissipaticn becomes an important criterion for large irrays of
detectors, insofar as resistive heating places extra demands on the array cooling
system, and available pover may be at premium in non-laboratory seitings. The ex-
pression for power d.ssipation per element is as follows:

2 qwt
P v 2 (”e“ + uhp)

In the calculated model, physical dimensions £ and w are assumed equal;
t is the minimum value necessary ior good quantum efficiency, and q is the electron
charge. Power dissipation is then & function of the bias V, mobilities pe and iy,
and carrier concentrations n and p. In general, carrier conzentration is consiant
at low temperatures, as the waterial doping dominates the intrinsic carriers, then
rises exponentlally with temperature (for majority carriers) as the material goes
intrinsic. The mobility generally decreases evporentially v._th temperature, frorn
a roughly constant level at low terperatures. The temperature dependence oi power
dissipation 1s, therefore, not a simple function. Representative calculated curves
for the best device of each material type are found in Figure 5.23.
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Calculated power dissipations for selected devices are presented in
Table 5.5. The devices in the table are generally those which give the highest
operating temperatures for the materials under study. The power dissipation
listed is at rhe maximum operating temperature.

TABLE 5.5
CALCULATED POWER DISSIPATION FOR SELECTED DEVICES

Doping Biag Max Operating Power dissipatioen/

Materfal (cm~3) (mV) Tewmperature Element (uW)
(Pb,Sn)Te 1015 30 176 32
(Pb,Sn)Te 1015 10 167 2.8
p- (Hg,Cd)Te 1018 100 149 56
p-(Hg,Cd)Te 1016 30 145 6.2
o-(Hg,Cd)Te  10%% 50 139 34
n~-(Hg,Cd)Te 101b 20 134 4.7

The table shows power dissipations for the best devices of each material
type (in terms of operating temperature) are all in the range 30-€0 pW/element.
However, a roughly one order of magnitude decrease in poser dissipation 1is possible
without substantial lcss of operating cemperature, if the bias 13 divided ty 3.
This loss in operating temperature may be quite za2cceptabl:, depending on the par-
ticular application of the device. For a 1000-element arizy, the difrerence bet-~
ween 4 and 40 mW of power 1s considerable in terms of the iystem design.

5.6.L Interface With CCD

The future of infrared detection seems to be in lirge arrays of detec~
tors, utilizing charge coupled devices for signal processing. The limitations im-
posed by interfacing with CCD's are then a major consideratio. in choosing a
detector for future applications.

The direct coupling of photoccnductive detectors with CCD's is made
difficult by the larg: inherent impedance mismatch between thesc devices. The
very high input impedance of the CCD causes its input noise to a>minate the ncise
of the relatively low impedance (tens or hundreds of ohcs) aeteccors, resulting in
a loss of cffective D*., Transfer of signal power 1is also less efficieant because
of the imcedance mismatch.

As a consecuence of these obstacles, indirect coupling through a buffer
amplifier {s usually emplcyed. Blpolar transistors exist with sufficiently high
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B8's at detector operating temperatures (140-200K) for use in the common-base

(CB) amplifier configuration. CB amplifiers provide an effective impedance trans-
formation between the photoconductive detector and the CCD input. These amplifiers
can bte made with low enough noise and high enough gain to cause the detector noise
to exceed the CCD input noise, thereby achieving detector-limited systen perfor-
mance. This capability has been demonstrated by Honeywell with (Hg,Cd)Te photo-
conductors operating at 779; virtually no degradation in D* was observed from the
detector itself to the CCD input.

Interfacing with a CCD through indirect coupling, therefore, impeses no
new limitations on the operation of photoconductors. Also, as the impedance of any
of the devices considered for elevated temperature operation may te matched using
this method, CCD interfacing provides no basis for selection of one material over
another.

5.7 CONCLUSIONS

Of the photoconductors covered in this study, p-type (Hg,Cd)Te seems to
hold the most promise for elevated temperature development, although none are
available over a short-term time scale. It is theoretically limited to 149K for
operation with v* 2 8x10%cm Hz%/watt, at a power dissipat:or of 56 uW per element.
This power dissipation can be Jecreased dy a factor of 10, with a loss in operating
temperature of 49,

N-type (Hg,Cd)Te is by far the most developed photcconductive material
of those studied, with near-theoretical performance in precent-day devices. How-
ever, it is limited 10 theory t-» oreratfon below 135K, 4if a D* of 8x10? 1s desired.
This makes it unsuitable for operation in the specified 150-250K temperature region,
unless a lower detectivity value 13 acceptable.

The other two material types have theoretically better perforwmance, but
suffer from a lack of development. The (Pb,Sn)fe has a mzxiuum operating temperature
of 176K, making it theoretically the best of the photocorductive materials studied.
However, previous attempts to fabricate devices fromthis material have met with
geverzl problems: preparing crystals of low carrier concentration and very good
crystallinity is extremely difficult, and lifetimes have been consistently shorter
than cthose calculated from theory. Since the higher theoretical D* of (Pb,Sn)Te at
elevated temperatures is due to longer calculated lifetimes, its advantage over
(Hg,Cd)Te cannot be realized without an improvement in lifetime. Until more *asic
research is done on these problems, the near-theoretical D* necessary for this
high operating temperature cannot be achieved.

P-type (Hg,Cd)Te has geen extr.mely little development as a photoconduc—
tor, although 1t has been used for photodiodes, and relatively good material {is
available. The firat use of p-type (dg,(Cd)Te for photoconductors had very encour-
aging results, and it {s believed that much of the knowledge accumulated about
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n-type photoconductors will be applicable to p-type also. An added asset of p-
type material is the slight theoratical advantage of moderately doped (5x1016)
material over intrinsic, making the growth of very low carrier concentration,
very good crystallinity material unnecessary. The results of work in this aree
are quite uncertain, however, simply because 12-micrometer p-type photoconductors
have never been attempted before.

The problem with Shockley-Read lifetime must te solved before theoreti-
cal detectivities can be approached. Development of a near-theoretical elevated

temperature photoconductor would then seem to be a long-term rather than short-
term possibility, depending first on some basic research.

5-44

77-1-6

——




1
[ 2 7 F

l
l

-

(R J

L'ﬂ'r
WA WS mamae S AT v SN e et ww T B M e s —— - - - LI A . 4 - +

5.8
5.1

5.2

5.3
5.4
5.5
5.6
5.7

5.8

5.12

5.13

5.14

5.15

REFERENCES
M.A. Kinch, M.J. Brau, and A. Simmons, J. Appl. rhys. 44, 1649 (1973).

R.S. Rittner, Photoconductivity Conference , ed. Breckenridge
(John Wiley & Sons, 1956)

R.L. Williams, Infrared Phys. 8, 337 (1968).

J.S. Blakemore, Semiconductor Statistics (Pergamon, 1962) Chapter 6.

P.R. Emtage, J. Appl. Phys. 47, 2565 (1976).
W. Scott, J. Appl. Phys. 43, 1055 (i972).

Emmons and Ashley, Appl. Phys. Lett. 20, 162 (1972).

Reynolds, et al, Proc. Conf. on Semi-metals and Narrow-Gap Semiconductors,

Pergamon (1970) p. 511.
Tasch, Chapman, Breazeale, J. Appl. Phys. 41, 4202 (1970).

"Lead-Tin Telluride Sputtered Thin Films for Infrared Sensors,' General
Dynamics Pomona Division (June 197%5), p. 3-107 AFML-TR-75-63.

P.J.A. Zoutendyk, Proc. Semi-metals zand Narrow-Gap Semiconductors Conf.
{Pergamon, 1971}, p. 421.

Honeywell unpublished data.

Interim Tochnical Report on "Eaploratory Development of Hg, Cdee
Improvement," Phase II, E.L. Stelzer and J.L. Schmit, Jan 9’5.
Air Force Materials Laboratory Contract F33615-74-C-5041.

Interim Technic 1l Report on "Exploratory Development of Hg, Cd Te
Improvement, “Phase II, J.L. Schmit and E.S. Johason, July 1476
Air Force Materials Laboratory Contract F33615-74-~ C*SOQ]

I. Melngailis and T.C. Harman, Appl. Phys Lett. 13, 180 (1969}
£ M. logothetis and H Holloway, J. Appl. Phy-. 43, 256 (1972).

“Lead-Tia Te'luride Sputtered Thin Films for Infrared Sensor, "General
Dynamics Pomona Division, (June 1975), AFML-TR-75-63

The 1pprox|m1tlons used 1 deriving the Auger expression are invalid at
300%, and marginal at 198° (sce Sect:on 5.1); this expirains the measured

value of g larger than T, at 300°

ORIGINAL PAGL IS
5-45 OF POOR QUALITY,

VX7




LR

5.19

.-

- -

. e = T — .

Abnormally hizh D* values (up to 10lo in an isolated case) were
reported, for short-wavelength detectors only. The response in these
devices, with A < 6um, was apparently cue to some form of carrier
compensaticn, ahd was nct reproducible. The uncertain nature of this
process, and the fact that it was confined to stort wavelength materials,
makes 1t an interest ng area for study, but of questionable promise

for 12um detection.
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SECTION 6
PYROELECTRIC DETECTORS

6.0 INTRODUCTION

The two main classes of infrared detectors are thermal detectors and
photon detectors. In a photon detector, an incoming quantum of radiation causes
an abservable electrical effect in the detector. A thermal detector senses
infrared radiatior by first absorbing the radiation and converting it to heat.
The resulting change in temperature is then measured.

From thc signal generation point of view, photon detectors are siapler
than thermal detectors, since the detection process in photon detectors is essen-
tially a one-step process rather than a two~-step process in thermal detectors.

In recent years, very sensitive photon detectors have been developed and are
becoming common. However, all photon detectnrs sensitlve to wavelengths longer
than 2 micrometers must be cooled below room temperature for best sensitivity.
This fact, tcgether with the need for infrared imaging system, has led to renewed
interest in thermal detectors.

All theriral detectors have in common the conversion of incoming radiation

to heat. Different thermal detectors use different methods for converting heat
into an observable outpuy which is usually, but not always, electrical. In prin-
ciple, ary material property which is temperature dependent may be utilized to
make a thermal detector. The most popular thermal detectors include the thermo-
couple (using the thermoelectric effect), the Golay cell (using thermal expansion
of 2 gas), and the pyroclectric detector which uses the temperature dependence

of the spontanecus polarization of a ferroelectric material.

6.1 SIGNAL AND NOISE IN PYROESLECTRICS
6.1.1 Signal in Pyroelectrics

The pyroelectric cffect is exhibited by temperature seasitive pyro-
electric crvstals, among which are certain ferroelectric crystals TGS (trvgly-
cine sulfate), SBN (Srj_,Ba,Nb20g), "LZT (lanthanum doped lead zirconate titanate)
and LiTa03. Recently, a nurber of polymers have been shown to exhibit this
pyroelectric effect.  Such crystals exhilbit spontaneous electric pelarization
which can be measured as & voltage by electrodes attacned to tne sample. At
constant temperature, however, the internal charge Jistribution will be neu-
tralized by free electrons and surface charges, so no voltage is detectable.
If the temperature is rapidly changed, the internal dipele moment will change,
producing a transtent voltage. This pvroclectric effect can he eaploirted as
a sensitive detec tor of modulated radiation, operating at ampient temp rature.

The f'rst step in the detection process is the ccnversion of incident
radiation to heat. For a pyroelectric detector, the signal is a change in the
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spontaneous polarization which is sensygd 3s a voltage change by a preamplifier.
This is shuwn schematically in Figure 6.1

One can define a temperature responsivity, RT. for a pyroelectric
detector which is the change in the detector bulk temperature per watt of
incident radiation. For sinusoidally mndulated radiation of the form

Pl(t) = BPO (I + sin wt) (6.1)

heating a pyroelectric detector which !s thin enough so that the change in

temperature AT is uniform throughou( the detector, the time-dependent temper-
ature change AT(t) is given by °-1

30,

NP (£) = cpad EdE LT + gAAT (6.2)
where:
n = the emissivity of the detector surface. For a blackened
surface n = 1,
cp = the volume spucific heat of the detector material (in Joules-cm -
g = the thermal conductance per unit drea, which controls the heat
loss to the environment by radiation, and the substrate by con-
duction.
A = detector area
d = detector thickness
The magnitude of the temperature change AT in a pyroelectric detector
is hence
nPo 1 %
Tow (A “
T
where
TT = cpd/g (6.4)

is the thermal time constant.
Equations 6.3 and 6.4 assure that the thermal conductance is
independent of frequency. In fact, thermal conductance 1s frequency

dependent, with the specific nounting support techniques used determining
both the magnitude and frequency dependence of g. In the limit of
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radiacive heat transfer between pyroelectric and environment, g s independent
of frequency. For the sake of simpiicity, we consider orly the case where g
is indepenaent of [requency.

The temperature responsivity, defined by R.r = AT/P0 is hence

R -.n— 1 k
T 6.5
gA 1+ wzr 2 (6.5)
T
at low modulation frequencies,
R_= L wut,, << 1
T  gA T (6.6)
and at high frequencies,
R —20 wt, > 1 (6.7)
T cpdAw T

The rollcff freauency is given by

1 _ e
TT cpd (6.8)

w = 2nf =

o o

Figure 6.2 i< a schematic representation of R versus modulniion fre-
quency for three thermal conductance values. It is evident that the relloff
frequency, f_, can be pashed to higher frequencies by increasing g by incrzasing
thermal contart between the detector and the surroundings. But this degrades
the temperature respon.dvity duce to a large heat loss to the substrate and the
surround1ngs.

The thickness of the detector, d, plays a very significant role in
the performance of a pyrucledtric detector. 1t determines the thermal mass
of the detector, and hence, also the thermal time constant (Eq. 6.4). Reducing
the thackness will not affect the luw-frequency thermal responsivity, but will
directly increase the hagh-frequency thermal responsivity (Eq. 6.7).

The next step in the detection process is the conversion of the tem-
perature change in the detector into an electrical signal. In a pyroelectric, a
change in the temperature of the material pioduces a change in polarization and
hence, in surface charge. The materisl is characterized by a pyroelectric cceffi-~
cient p which 18 the change In surface charge per unit area due to a temperature
charge. The change in surface charge Aq on the detector is given by

fq = p AT (6.9)
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The signel current Is is hencc

Ie At pA At pART wPo (6.10)
The current responsivity, defined by Is/Po, is hence
R1 = pARTw (6.11)

Figure 6.3 is a plo* of Rj as a function of frequency.

The voltage responsivity 1s the current responsivity diviced by the

admittance of the circuit seen by the detector

5 et -

R, = R /]¥]| Tl ‘

For just the detector alone,

1 2 2 4

- 2
le|=Rd @ +w'c, "R,

(6.12)

(6.13)

. 12
vhere Rq 1s the resistance of the pyroelectric (usually ~10° §, due to surface

pove

leakage), Cd is the capacitance. The voltage responsivity at very low frequencies
is directly proportional to the current responsivity, However, above a frequencv
corresponding to the electrical time constant of the pvroelectric:

TE = RdCd (6.14)

the voltage resporsivity rolls off, due to the pyroelectric capacitance.

sivity.

7/7-1-6

The voltsge responsivity over the full frequency range is

R

%_D__R er A
- 2 .20
epd a+w TTZ)% a+. - )1

(6.15)

For frequencies beyond both the thermal and electrical time constants:

e - np
R (@nE)epdC,

(6.16)

Figure 6.4 1llustrates the frequency dependence of the voltage respon-
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6.1.2 Noise Sources in Pyroelectric Detectors
Noises of a pyroelectric detector/preamplifier zssembly arise from a

number of sources. These sources can be represented by the equivalent circuic

gshown 11 Figure 6.5. The total noise, 100 is given by6.l, 6.2

1 = § " +41 +4 +41 +1 (6.17)

where

i_ = temperature fluctuation noise

T
id = detector thermal noise
1c = amplifier load resistance noise

i = amplifier current noise

[y
[}

amplifier voltage noise

Temperature Fluctuation Noise

The temperature fluctuation naise represents the ultimate limit to
performance of a pyroelectric detector. When a small body is in thermal equili-
brium of its surroundings at a temperature T, via a thermal conductance g, the
net power fFlow between ithe body and its surroundings is zero. However, it

will have a fluctuation spectrum with a rms value8+3
2
AWT = (4KT g A)!i (6.18)
2 2 2
1T Ri 4KT g A (6.19)

where R, 1s the current responsivity of the detector. The minimum temperature
fluctuation noise occurs when g is dominated by radiative exchange alone; heat
transfer by conduction to the detector mount or through any gas used for back-
f111 would increase the temperatyre fluctuation noise by increasing g.
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Detector Thermal Noise

There will be Johnson noise associated with any element with resis-
tance, given by:

N 2

4KT
4 "R 4KT g

4 (6.20)

There are two sources of conductance in a pyroelectric: (a) the
dielectric loss with conductance gq = WCy tand, and (b) leakage conductance
is normally negligible in comparison with the dielectric loss. Dielectric loss

is due to a number of factors, some associated with material defects and some
with device fabrication.

Input Circuit Thermal Noise

The input circuit utilizes a load resistor R in order to operate the
JFET amplifier in a stable configuration. The load resistor is normally chosen
to be sufficiently high (1012 Q) that is does not contribute excess noise. The

noise s given by the Johnson noise of the load resistor RL'

1 2 = 4KT/R (6.21)
c L

Ampiifier Current Noise

Any circuit can be represented by a combination of a voltage generator
in series with the input and a current generator in parallel of the input.
Either of these noise sources may dominate tie total noise depending on the
impedance of the detector and amplifier.

The preamplifier usually consists of a low-noise JFET and associated
blasing circuitry. All FETs have gate leakage current Iy associated with them;
this leakage current is a source of shot noise i, wheie:

2
ta = 2 q 18 (6.22)
vwhere q 18 the electronic charge.

Mifferent types of I'TTs show wide variations in Ig; the present state-

of-the-art is about 0.2 pA,
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Amplifier Voltage Noise

The amplifier voltage noise is spacified either in terms of en or an
equivalent noisc resistance R,. The noise is given by:

2 2,2 2
1 4KT R [(gc +g,) +uwi(C +C)7]

R (6.23)
n

n

where e, is the amplifier noise voltage and g. + g4 and C3 + C, are the total
conductance and capacitance of the input circuit, respectively. Typical JFETs
have e; ~ 10 wv/ iz, Figure 6.6 illustrates the €frequency dependence of the
noisa sources. The relative magnitudes of the various nolse sources will, of
course, depend on variables cull.. 2o deto . u. materinl, detector area, amplifier
characteristics etc.

6.1.3 Detectivity of a Pyroelectric Detector

The detectivity, D*, is defined by
pr = = I= ’ (6.24)

By combining the signal current I; from equation 6.10 3nd the nuise
current iN from equation 6.17, the detectivity of a pyroeleztric detector/ampii-
fier assembly can be determined. However, it is instructive to estimate a
thermodynsmic-limited detectivity D*r for a pyroelectric detector. The ultimate
limit occurs when the only noige contributing to 1N is the temperature fluctua-

tion noise due to the fluctuations in the thermal equilibrium between the detector

and its surroundings. In this limit,

‘/ 2
1+ 1, =R Vixr'ga (6.25)

Also

{ = R,P i . (6.26)

Hence

(16 KTy % (6.27)
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-12 2 4
wvhere g = 40T3, g = 5,67 % 10 W/cm -K 1s the Stefan-Boltc¢mann comstant,

For T = 300K, L%r = 1.8 x 1010 cm Hz*%/W, which is the theoretical limit for all
pyroelectric detectora at room temperature.

In & similar manner the deteccor-limited detectivity D* car be de-

fined as c
i, /A
R g
D d 1 Po
d ]
e () ) O T e
cpve \ tand 4KT€od w a+ w?.T 2)%

where the only noise assumed is that due to the detector dielectric loss
(given by Eq. 6.20).

It 8 convenient to lump the last factor intec a single chermal degra-
dation term, Tr' Hence

Y Y k )
. 2 (2 ( 1 1
D*d cp/E (tanG) ‘BﬂKTeod) (f) Tr (6.29)

The thermal degradation T, is due to thermal loss of the detector to
the black front coatfnz and the supporting structures and substrate.

The detector-limited detectivity displays all the characteristices
necessary to optimize the pertormance of the detector. Firstly, the detectivity
improves as the thickness of the detector is reduced. The present state-of-the-
art pyroelectric detecior thickness ls 10 mic.oometers. Thinner detectors are
possible with improvement in fabrication techniques. Secondly, the detectivicy
increases with reductions in the dielectric ioss tanb. Currently, tané .s on
the order of 103 for good pyroelectric materia®. Finally, D*q is proportiunal
to the material constant p/cpJE. vwhich zan be viewed as ¢ figure-of-merit in
choosing a detector material.

Figure 6.7 1llustratec the f: sponse for a pyroelectric detec-

tor. The magritude of the D*) will, of epend on the pyroelectric material

parameters and amplisier; for Filgure 6.7 tic .clculated detectivity was “or a
Strontium Barium MNiapate (SBN) deteztcr ldkm thick with iand = 0.002 and oper-ted
at room temperature. The thermal flu~tuation limi. (D*) = 2.0x1010 ¢n Hz%/w) 5
also shcwn, this limit assumes a 3C0%K background.

One of the najor factors ir the pyrcelectri~ detector design is the
minimisation of the preamplifier noise. The detector/amplifier de~cctivity can
be written ua
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D* D* /1-}s
d

1
- P 1)% 1 * 1) ) 1) * (6.30)
cpve \ tané 8nx‘l‘eod f r F )
where

2 2 2 i 2 2

id + 1 + 1a + R + iT
F = c 5 n (6.31)

id

b
The teru (1/F)” represents the noise degradation and can be calcu-
lated from the amplifier characteristics to optimize D* with respect to para-~
meters such as detector capacitance, etc.

Section 6.1.4 includes @ brief discussion of the thermal degradation
factor T, and the noise degradation (1/F)5. The material figure-of-merit
and the dielectric loss are discussed in Section 6.3.
6.1.4 Thermal and Electrical Deeradation
Two additional sources of noise not included in the detector-limited
D*d were the thermal degradation factor, Ty, and the amplifier-related degrada-

ticn ¥. In principle both coull be reduced to negligible levels, but in prac-
tice they nften limit pyroelectric performance.

Thermal Loss

The thermal loss factor arises as follows: if a pyroelectric detector
were completely freehanging, the thermal conductance to the substrate would be
determined only by heat loss to the environment by radiation. In fact, a pyro-
electric must be supported and the support structure will also result in heat
loss due to its thermal conductance g, As Iigure 6.2 shcws, the highar the
thermal conauctance between the pyroelectric and its surroundings, the lower the
respon.ivity at low frequencies and hence the lower the detectivity.

Tn addition to affecting detectivity by decreasing responsivitv at
low frequencies (Eq. 6.6), thermal loss also appears to affect detectivity
by affecting the diclectric loss factor tand (Fq. 6.28). S, Stokowski and
N. Byorﬁ-ﬁ- 6.% and, independently, A. Chiang and N. Butler®:6 have shown that
the measured dielectrie loss factor tané ts due not only to the pvroclectrie
material loss tangent, tanfo‘ but also to thermal interchange with the environ-

ment.  This may be seen below.
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It is well-known that when a pyroelectric detector is in thermal equili-
brium with its enviromment at a temperature T via a therxzal conductanc= G, there
will be no heat flux between the Jetector and its surroundings. However, a thermal
fluctuation exists which glves rise to a current fluctuation noise in the
pyroelectric.

1. = KTy 2 Ri(Af)k (6.32)

where Ot is tic bandwidth and th2 current responsivity R, is given by:

—PMs
R = 2 2% (6.33)
(1w 1. )
T
P, A, and Ty are the detector pyroelectric coefficient, area and thermal time con-
stant. respectively. Since a pyroelectric detector is basically a capacitor, this

noisc term must appear as a noise due to an effective electrical conductance geff,
that is

i = (4KT geffAA f)‘i (6.34)

Reff

The effective conductance go¢f can be calculated by equcting equations 6.32 and 6.34.
The result is

2
8effA = ¢ Ri (6.35)

Based on equation 6.35 the effective dfelectric loss tangent, tanéeff can
be expressed in terms of the thermal conductance G (= gA):

2

R 2 wd
tand_ = ———— = = B (6.36)
eff A(ﬂ Cd 0 82+ (mcpd)z

Thus, a thermal conductance between pyroelectric and substrate gives rise to an
electrical loss, and hence to Johnson noise. The electrical conductance due to
tanéeff is given by

Bopr = WG4 TeS e (5.37)

where Cd is the capacitance of the detector.
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6.4,6.5

Stokowskl and Byer s#ive a similar expression for the total loss

rangent:

2
. "o t .
A LT—- e + tdn50 (6. 38)

o G+ )

tand =

e

”,

-~
-

where p is Liie pyroelectric coefficient, T the temperature, € the dielectric
constant, ct the volume heat capacity and C the total heat capacity. The
thermal conductance is taken to be independent of ftequencz. Measurements of .-
tané by Stokowsh1 and Byer6.4.6.5 and by Chiang and Butler®-® under various

conditions of thermal (oupling between detector and envirorment have verafied
the erfect. A direct comparison betwecen measured tand and tand calculated
using thermal conductivity measured independently has not been reported.

Electrical No’=e Degradation

The noise degraduation factor is given by

2
2 . .
1d2 + 1(:2 + ia + 1‘Rn + 1T2
F = 2 (6.39) i
1(1 2
The preamplifier-related degradation can be calculated from the ampli- -

fier characteristics and can be minimized with respect to the detector capacitance
and operation frequency, etc. To find the minimum F, let us consider only the

JFET-related noise terms, and assume that the load resistance R, is sufficiently i
large (10132) such that its noise can be neglected. F can be written as ,

2 2 2 2 2]
+ + +
i~ 4+ e [(gc gd) w (Cd Ca) .

a
8TKT f Cd tané (6.40)

F=1+

In Figure 6.8 I 1s plotted as a function of detector capacitance for
two state-of-thce-art JFITs. One can sce that for a given JFET, there exists
a4 detector capacitance such that the noise degradation due to the preamplifier
i a minimum. For example, for the siliconixn JFET U423, the optimum cetector
capacitance 1s 80 pl, whereas for the siliconix JFFT 2N4£67A, the optimum detec- .
tor capacitance 1s 400 pk. Therefore, the matching of the detector capacitance
to a particular JFFT 1s n important design fcature of a pyroelectric detector.

Microphonics -

A pyroelectric detector uses the pyroelectric effect of the material,
3P/3T|E.S, that is, a change in detector polarization, P, due to a change in
detector tewperature under zero electric field and zero stress. actually, there
are two contributions to the pyroelectric effect, nameiy,

¢ The primary effect, ap/arle,s. is the change of polarization
as & function of temperature under zero field and stress.

(22
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° The secondary eifect is due to the pilezoelectric effect,
which is the stress induced polarization effect.

Plezoelecrric effects and electromecnanical respoase are important in
terms of microphonics. For high detectivity pyroelectric detector applications,
it 1s important to choose a low plezoelectric coefficient material to minimize
the secondary unwanted polarization and electromechanical effects. The design

of a rigid supporting structure with minimal thermal contact is particularly
important for very thin detectors.

6.2 PYROELECTRIC MATERIALS
6.2.1 Crystalline Pyroelectrics

Any crystal structure can be classified into 32 crystal classes based
on the synmetries of its crysial S.Tactuie. Of these 32 classes, eleven have
inversion symmetry. The2 remaining do ot have an inversion symmetry. All but
one of the latter classes are pilezoele tric, i.e., they erhibit an electric
polarization under an applied stress. O0Of these, ten possess a polar &xis and
are spontaneously polarized along the polar axis. These classes can erhibit
pyroelectricity.

In a pyroelectric material, a temperature change alters the lattice
spacing of a nonsymmetrically located fon and alters the spontaneous polariza-
tion of the lattice. This change in polarization produces a surface charge.

The change in surface charge is generally neutralized by stray charge in a

short pericd of time (~minutes) in order to measure the surface charge produced
by a temperature change. The incident radiation must be rapidly varying to avoid
the charge neutralization.

A pyroelectric respanus to changes in temperature rather than absolute
temperature. The change in surface change 43 is given by

AG = g . n AT = pAT

aT (6.41,

€,8

where

2
Ao = pyroelectric surface charge density (coul/cm )

e
= P = gpontaneous polarization ’

=13
n

unit pormal to crystal surface
2
p = pyroelectric eoefficiznt (coul/cm oC)

AT = temperature change
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3} s N = change in polarization under zero field € and stress s
€,S8

Pyroelectricity occurs over a range of temperature up to a critical
temperature, called the Curle temperature. At this temperature, a phase tran-
sizion occurs. The dipoles become randomly oriented and the spontaneous
polarization is lost. LUpon cooling, this random orientation is sometimes
“frozen in". 1In order to align the dipoles, the pyroelectric must be poled.
Poling involves the application of a large electric field (> 20 Ky/cm) to the
ayroelectric. The hagh field aligns the dipoles.

Curie temperatures of common crystalline pyroelectrics range from
495C to 700°C. A material with low Curie temperature (< 100°¢) poses diffizul-
ties in fabricatfon steps such as eletrode evaporation. Thus a pyroelectirc
with a high Curte temperature has a sagnificant advantase in stabilircy.

The irportant parameters for pyroelectrics are th- roelectric
coefficient p, the heat capacity, c, the density p, and the dielectric constant
As indicated by equation 6.29, che figure-of-merit for the detectivity of a pyr
electric detector is given by

M = L {coul-cm/Joule) (6.42)
cp/E

These parzmeters are cnaractciistic of the pyroelectric material and
are temperature dependent.

The pyroelectric cocfficient, p, ard the dielectric constant are
strongly temperature dependent near the Curie temperature. Fipgure 6.9 1llus-
trates the temperature dependence of these parameters in Strontium Barium Niobate
(SBN)@’7 Both parameters grow rapidly near the Curie temperature. For a high

figure-of-merit, a SBN detector should be operated well below the Curie temperature

due to the rapid decrease of € at lower temperatures. ¢ and p, on the other hand,
are not very temperature dependent.

In addition to the figure-of-merit, the performance of a pyroelectric
detector Is influenced by the dielectric loss, which 1s represented Ly tani. Tand
was belicved to be functions of intrinsic material properties alone. Hywever,
very recently, 1t has been shown that the measured tand 1= actually compased
ot two contributions. ihe therral contribution due to the thermal conductance
and the Intrinsic contribution due te material propertices. Sectlean 6.3 includes
@ discussion of the thormal contribution to the dicieceric foss in a SBA
pyroclectric detector. At prescat, valnes of the intrinsic taad are functions
ol materlal prowth and sabrlcatlon rather than miterial lumts, ‘The factors
cansing loss are dislocitions, crystallinity, surface damage, anterfucc stotes,
and g pumber of other parm tars. The state-of-thoe-art matersed Cand 1s on

= -1 .
the order ot 10 to I07% * Purther reduction 1n ‘rclectrie tocs can be achieved

* The discovery of the effcct ot thermal conductance oa meisurements of tan® sy
mean that the matcrial vand is much betiter than the reasurements to date have
indicated.
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by fmprovements in nsterial dovelopment md fabrication techniques,  The
temperature dependence of the matorial tand for SBMN 1s included in Figure 6.9,

In search of suitable or better mat.erials,6°8 a good many pyroelec- k 1
t

tric materials have been studiced. 7Table 6.1 lists the room-temperature pyro-
electric properties of some of the st well investigated crystalline materials. !

6.2.2 Pyroeleccric Polymers

Pyroelectricity in polymers is not well understood, =ince polymeric
structures do not ordinarily exhibit spontaneous polarization. iu.ever, it is
suspected that pyroelectricity can be imposed on polymers because of their high ..
susceptibility to ordering by concoritant enhancement of crystallinity by orienta-
tion.

— v mm——

The most commonly used polymer, Polyvinylidene Fluoride (PVF,) is
a predominantly linear high polymer. The high value of n is 5000 to 193000. -

It has been reported that the PVF2 molecule (similar to many polymer

molecules) has the form of a helix with a zigzag disposition, which results in a -
twist of 360°C about the molecule axis every arbitrary number of monomer units.
The lack of orderfng in the PVF2 molecule leads to very weak pyroelectric
response. However, at elevated temperatures, the carbon bonds become flexible o
and the molecule becores ordered by "untwieting'' along the molecule axis. Such
properties are characteristic of most polymers. The most common method of pre-
paring ordered polymer films is by drawing while stiil in ecemi-molten state. -
Alternatively, the polymer films can be poled. During poling, the high elec-
tric field aligns the molecule while the film cools slowly to room temperature.
The resulting pyroelectric resporse depends on the degree of ordering imposed -
on the material., -

.
.
o - —— — -

pared by the extiusion and chen stretching technique. Garn and Sharp6' have
made an ertensive review recrntly of the pyroelectric propertics of several

polymers. Table 6.2, taken "rom their Table 1I1, summarizes the room-temperature -
pyroelectric pronerties of several polymers. At present, the polymers are

Presently, the commonly used pyroelectrir polymer materials “5“ pre-~ i

mtmr e et —— i e v e s e e m s e e

hampered by a weak pyroclectrir coefficient, which is an order or more esmaller -
1n magnitude when cempared with the better pyroelectric crystals. However, .
this may be larpely overcome by proper poling procedures. )

In terms of case of detecto. fabrication, polvmers cenjoy an advantage

over crystalline pyroelectrics such as SBN, LiTa0y and TGS. A polymer thick- -
ness of 5 mirometers 1s commerca 1ally available whereas a 5-micrometer thick !
single (rystal pyroclectric datector requires considerable fabrication skill, :
Furthermore, polyme- matcrials can be manufactured with a very high degree of
bulk uniformity and hence, do not safter fiom as many defects as (rvstalline
pyroclectrirs.  1hits uniformitv in bulk is preferred in large element thermal -
lmaglnu'appli(dtions.
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(From Reference 6.7)
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6.3 PFRFURMANCE OF PRISFNT PYROFLICTRIC DFTFCTORS

In this section data on present pyroelectric detectors is presented,
the data (ompared with theory, and the parameters limiting performance are deter-
mined. The pyroclectric detector materials commonly used for high detectivity
applications are lithium tantalate (LiTa0.), strontium barium niobate (SHN)
and triglycine sulfate (TGS). Of these materials, we consider SBN ana L1Ta03,
on which recent data have become available.

6.3.1 Strontium Barium Niobate Pyronelectric Detector Performance

Data on 18~element SBN pyroelectric detector array have been
reported recently ~° The element size was 0.01" x 0.01" (6.25 x 10”%¢cm?)
and the average detectivity at 3007K, over the frequency range from 2 to 50 Hz,
was 2 x 108cm-nz%/w. Interelement crosstalk wgs ess than 0.1%. Data for a
single element SBN detector were also rgported -1 ; for an element size of
2.3 x 10'3Ln'3, a detectivity ~¢ 3 ¢ 10 -=~Hz'/W was achieved at 300°K gt a ,
16 Hz modulation frequenc, i > _.the dezerriviiy was about 4 x 10 cm-Hz i/w,

Efforts to improve the detectivity of SBN pyroelectric detectors are
presently underway’*®., Figure 6.10 is a plot of detectivity, voltage responsivity
and noise voltage (per roor Hertz) for a SBN pyroelectric detector®-*'. A detec-
tivity in excess of 1 x 107cm-Hz2/W is at a modulation frequency of 1 Hz. At
10 Hz, the detectivity 1s 1 x 109cm-H25/w. These data were taken with the detec~
tor/JFET at a temperature of 298 K.

Figure 6.11 shows data6'll for the same SBN detector/IFFT combination
at a lower temperature {273 K). A sipgnificant increase in detectivity was ohserved
due to a decrease 1n noise voltage. A value for detectivity of 3.3 x 107em-1z'%/w
at 10 Hz was achieved under these conditions.

Although the exact recharism tor the factor-of-three reduction an
noise vo.tage is still under :avestigation °“, 1t is clear that the effect
may have .mportant consejuences for those applications for which some minimal
cooling of the detector/preamplifier package, e.g., via a one-stage thermoelec-
tric cooler, can be used.

6.3.2 Lithium Tantalate Pyroelectric Detector Performance

Data on single-element pyroelectric detectors fabricated from
lithium tantalate (LiTaO3) have recently been reported by Stokowski, Kyer
et a1.6-%,6.5,06 12,6.13 “porecrivities (at 300°K) of 1.8 x 10%cm-i1z 2/W at
10 Hz and /.5 x !08Lm-nz5/w at 100 Hz have been achieved in very thin (2.9
micrometers) Li1Ta03 detectors which are 0.97 mm in diameter.

) - 6.12

A complerentary domatn structure has recently been used an LiTa0
pyroc]gctrir dO[O(Ln6h to reduce the cffects of microphonics; detectivities
at 300K of 1.9 x 50 cm=Hs 3/w at 10 Hz were achaeved in devices with active
area of about 1 mm .
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Data on arrawvs od 1riady pvrnelevtrl('JcLentors has reoent iy beun
reperted® Y perectivitaes of 407 10§ cn;Hz:/N art 50 Hz in eliments with
active ared o1 0017 x 0.01" (6.25 x 07 cp*) were achieved 1in 9-clement st
gared-lineir mrays, interdierent \xo%ftalk was atout 27 at 50 Hz. Ar 10 Hz,
detectivitivs of out 101 x 10? cm-Hz>/W were reported, with an increased inter-
eleneat «masstalk at 10 he of about 127,

6.4 IMEROVID P RFORMANCE OF PYROFLFCTRIC DFTECTORS

In this seclion we discuss the ultimate feasibility of pyroelectric ‘0
detectors approsching the thermal fluctuation sensitavaty Limit (D* - 1.8 N 10°
cm H'tlb) at frequencies in the range from b 10 #-,  we *ill show that such ue.ze-
tors must necessarily be very thin (on the srder of 1 micromerer), and must be
essentivlly seli-supporting.  Asseciated problems in the arca of rmatched “ow
aoise amp tfters, low=luss black coacings, mechanical strength and scabilaty,
microphionics, and electrical contacts will be discussed.

Figure 0.12 shows caleulated detectivities for pyroelectric detecters
using the theory of the previous sections, ard material properties of Sih (stron-
tium barfum nlobate). The curves in Figure 6.12 are piots of tquatien 6.8 fer
the followiny SBN matiraal parameters:

- -1
cp = 2.3 joule cm 3 °x

- -2 o -1
p-6x1l0 8 coul cm oK

- -1
£~ 3.5 x 10 n Farad cm

The dissipation factar tané for SBN 1anges form 1 < 10—4 in bulk samples

te 3 » 107} in state-of=the-art detectors. The ordinate in Figure 6.12 is aw/7n,
since tn the (heory d and o always appear only in the product du. This shows
that the basi: way to obtain response to hipher rrequancies for a riven mate-
rial 18 te fabricate thrner detectors. 7The present state-of-the-drt dara at
300°K 1t stinple element SBN detectors, taken from Figure 6.10, 1c also shown
in Figure 0.2, this point orresponds to a measured P* of 9 x 118 ¢n sz/'

at 13 Pz for a cortector with d = 20pm, and an estimated g for 3 » 107°W cm™<O%.

Concaderation of equation 6.2? shows that the requirements for hagh D»
are a material with high value of p/cpr?, material and processing which give a low
value of tunt, and a low value of g. Since w_= g/cpd, high frequeacy operaiion
requires a material with small value of (f, and a detector witn a emall value of d.
Note that imreasing s, Jlthouph 1t Increises v, docs not increase 17 at v fro-

quency; theretore, g anst remain as small as practical. Tach of ctnese ¢~nditicns
will now be (onaidered.

'

Table 6.1 lists values of p/eur ? for some typical pyroclectric materials.
16h, the material with the baghest roported value far this fapgurc-of-merit, has
the undesirable properties of a relatively Jow Curie temperaturc and ¢f beinp
hyyroscopic, o other materials are often used.  In add:,10n,
reti al constderations® 8 wacch sup,est that pf Fas canst st so 1 considerably
tmproved matecfol is not oty dipated. Therefore, the prospects of inproving D%
by tanding 0 better water sl do not look peod.

these are sone thes-

“n
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Therc 15 no hnown lower limit to the value of tand tor matersals, so
this might appcar to be a proxising way tc improve P*. RNotice, however, that
tae noise power from the detector iS given by 4 K1 tanS. The best available
preamplifiecs produce a noise equivalent to about (K1)/2500. ll-hdn be
shown that this noise 1s cquivalent to a detector tand of 2 v 10 ' thas the
amplifier noxse, rither than the detector notse, will desinate §f the detedctor
tand is less than 2 x 10", in addition, the amplifier and detecter must be
carefully matched in order to obtain noise chis small. Thus, increasing D*
by reducing tand requires a very good amplifier. Therefore, increasing D*
by reducing tand is not practical.

Reducing the thermal conductivity 3 results in increasiag D* by
increasing the thermal responsivity and also by reducing the statistical tem-
perature fluctuations ~f the deEgCtOr,_QSOCQ? be scen from Figure 6.12. A g
value of less than about 5 x {0 7 W cm K ~ is very difficult to obtain
in practice, however. This topic will be discussed in move detail later.

The state-of-the~--= - 2l->1ri1c detectors show a D* 1n the ranae

of 0.5 - 2 x 109 (m t2'y * - - - Seaqve3lery Wic maxirum response near 1 Hz.
The only way to obtain a hipher D* is tc rgguce g_ang]reduce the detccgor
thickness d. lor exarple, if =6.4,x10 " Wem K and d =1 x 10 "cm, the

detectivity is close to 4 x 107 em Hz°/W from | Hz to 10 Hz. Thus, with the
available materfals, hagh D* 1n sge 1 Hz to 10 Hz range requiges detector
thickness of the order of l_§ 10 "em with g values of 6 x 10 ~ and less and
a dielectric loss of 3 x 10 ~.

The ideal thermal detector. which was assumed for the theoretical
portion, absorbs all incldent electromagneric radiation. Actuval detectors, of
course, will not absorb 11 the radiaticn. 1n particular, tne 1atrinsic asbsorp-
tion of most pyroelectric materials is confined to a few bands in the inirared
particularly for very thin samples. 1Therefore, a practical detector nust have
a "black" coating which actually absorbs the incident radiation and then trans-
fers the heat to the detector itseif.  The thermal capacity of the black coac-
ing degrades the detector performance, so it must be hept small compared to the
thermal capacity of the detector {tself. Tor a thin detector then, a very
thin black coatiny is required. Historically, a great deal of eftort has been
expended 1n developing a good, low thermal capacity black coating. There
are several commonly used types: the blacks formed from a metal whach 1is
cvaporated or electrop.ated at a rate too high to form a continuous f1lm,
pigment type blacks formed of, for example, a combination of jraphite and
s1licates, and the blacks which absorb radiation by virtue of their surf ne
resistivity. luv 2 pyroclectric detector, 1f the black 1s comductive, 1.
cm afso serve as the deteetor electrode, Lhie «implifying the fabrication.
Also, the surf e reststivity LIy of btack is potentially the thinncer,
with reported thickneswes of 250 A and less.,  Theretore, 1t would appear that
this type of black e the most prorisiny for verv thin pyvroclectrice detectors.

Poerbaps the most ditficali problem to solve 15 the thermal losses
to the supnoctine structure. The theory allows for this in teres o 3 value
for y, bat tinns s only o approvimit o, Mope evact oot glats g, Bl hove
heen dunc Jor tealistie stiwitares: e sesults shaw Lhat thinaer struc tures
bave Tatthe, 0F v, sov et e over thicker ones due to the thorm}l eifect of
the substrate.  dherc does not movar to exist any miterial which 1s suitoble

as 1 substrate for hich peryormence, thin detecters.  he orly solutiern appedars
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to be tuo support the detector by 1ts edges. Since the datector must neces-
carily be very thin, the heat loss through the edges will be smaller than for

a thicker detectur. If the detectur active area 1s defined by a combination
black and electrode, the surrounding uncoated (but thin) detector material
should serve as a reasonably good support with thermal isolat:on. ‘The exact
theory predicts that the depree of isolation will be a funciion of frequendy,
with the 1solation being bueiter at hagh frequencies. The eaact chardacteristics
wils dapend, uof course, on tue specific pyroelectric materiai sclected.

While’rt {s relatively simple to prepare th,u films on a substrate,
self-supporting thin €ilms are ruch more difficult to fabricate. This is anti-
cipated to be the most critical area in the fabrication of extended performance
pyroelectriv detectors. It 15 not known shether the various candidate mate-
rials have the required strenuth to torm self-supporting structures of the
requrred thickness. Also, all pyroelectric materials are also prezoelectric,
which means that mechanical vibration will be transformed into an electrical
signal. Clearly, the very thin self-supporting structures will be morc suscep-
tible to vibration than thicker strudtures; much more wock, both theoretical
and experimental, is nceded to determine it this effect will be significant.

Yleat conduction throuph the clectrical leads may be a significant
effect; pyroelectric detectors have mn inherent advantage in this area, since
they can tolerate a higher lead resi:cance than other types of thermal detec~
tors. Electrical and thermal resistances tend to be proportional for conduc~
tors, so that a hagh thermal resistance in the leads implies a high elec-
trical resistance as well. Heat condiction through the leads needs to be con-
sidered in actual device design, but i- 1s expected that this ef{wct can
be minimized oy carcful design.
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SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

The objective of this study was to define the most promising technical
approach for the advance of development of 8-12 microumeter detector operating
at elevated temperatures. In achieving this objective three tasks were under-
taken:

1. Determine the theoretical 1imits to performance of both thermal
and quantum detectors for 8-12 micrometer infrared detection.

2. Identify candidate detactcr materjals and determine material
parameters

3. Determine the present status of both quantum and thermal de-
tectors, isolate the parameters limiting performance, and assess
the feasibility of achieving performance at the theoretical limit.

In this saction the cenclusion reached in these three tasks will be
summarized and recommendations made for further development.

7.1 THEORETICAL LIMITS: QUAMNITUM DLTECTORS

The limits to detectivicty for both photovoltaic and photoconductive
detectors were examined in Section 2.

7.1.1 Photovoltaic Detectors

The detector -~ limited D* for a photodiode at zero bias was found to
reduce to

D% = I.].L ._A_ (7_1)
)Y 2hc gth

where g, 18 the thermal generation rate of minority carriers in the volume of
gsemiconductor defined by the device area and the depth ltielow the junction from
which minority carriers are collected.

. The analysi{s does not consider other noise mechanisss which are not funda-
mental }limitations. These include depletion lagyer generation-r:combination noise,
surface generation-recombination noise, and »/f noise. In addition, tunneling
current was not included as tunneling is unlikely to limit device performance at
elevated temperatures.

t In traditional p-n functions, minority carriers are collected from a
diffusion length (L, = vk Tu Tg) brlow the junction. The diffusion length may be
as long as 100 um. However, 257 of the signal 1s collected from a depth below
the semiconductor surface given by 2.0/a where g is the absorption coefficient.
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For a direct-gap semiconductor, the signal {s absorbed within about 10 um of

the semiconductor surface. Thus, the conventional p-n junction design can cal'-~ct
noise from a much larger volume of semiconductor (given by ALc) than 1s needed

to collect noise. An improved design developed on this program was the electri-
cally reflecting backside contact. 1In this desiga the active volume of semicon-
ductor 1s only as thick as needed to collect signal. The active area is defined
by a more heavily doped contact which acts as an electrically reflecting barrier
to minority cariiers.

The critical factor in determining the limit to detectivity is to deter-
mine the theoretical limit for the thermal generation rate g;},. There are two
fundamental processes which are responsible for thermal generation and recombina-
tion of carriers. One is radiative recombi-ation, in which an electron and a
hole recombine with emission of a photon. This is the inverse of the process
responsible for generation of signal, in which an incoming photon is absorbed and
an electron-hole pair created. Thus, choosing a semiconductor with a low radia-
tive recombination -ate does not improve detectivity, since both the signal and
noise are generated by the same process. Radiative recombination thus defines the
fundamental 1imit to detectivity in quantum detectors.

The se¢2ond fundamental process responsible for thermal generation and
recombination of carriers is Auger recombination.* In Auger recombination two
electrons collide, one is excited higher into the conduction band, the other re-
combines by falling into the valence band. As the Auger process contributes
only to thermal generation of noise and does not enter the signal generation pro-
cess, one would want to choose the semiconductor which has the lowest Auger
generation - recombination rate. The Auger recombination rate is quite sensitive
to the exact chape of the semiconductor band structure and will be an important
parameter in choosing the optimum band structure. The thermal generation rate
is given by

B = AR+ R (7.2)

where R 1s che radiative recombination rate and Ry is thc Auger recombination
rate. If a semjconductor 15 chosen which has low Auger recoctination, then the
limit to detectivity becomes (Equation 3.5).

0.32 2 [a ,
D*A e —h(:_— R— \7.3)
r

The radiative recombination rate R, may be expressed in terms of the optical

absorption coefficient o independent of band structure. If this expression for R,
is used in the expression for detectivity, the theoretical 1iamit to detectivity

for a p—n photodiode (with electrically reflecting backside comtact)

* Schockley-Read recomblnation is often observed in real sericonductors; {1 this
process recombinztion proceeds via a flaw or impuri{ v state. Fowever, this is not
a fundamental 1limit.
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becoxes* (fror tquation 3.21):

0.32 X h

X = 7.4

™ Eg n '\/81 i oxp (B /%D (7.4)
1
where

Eg = energy gap n1 = semiconductor index of refraction

A = wavelength k = Boltzmann's constant

h = Planck's constant T = temperature

Thus, the theoretical limit to detectivity for quantum detectors has
been reduced to an expression which depends only on the cutoff wavelength desired,
the temperature and the index of refraction of the semiconductor. 1t 1i: independent
of band structure and so is independent of all ¢ :e normal material and device
design parameters such as intrinsic carrier concentration, mobility, dopant levels,
etc. Semiconductor band structure and related material parameters enter only in
factors which reduce D* below its theoretical limit, such as Auger recombiration,
Figure 7.1 shows the limit to detectivity as a function of temperature for p-u
photodiodes. An index of refraction of 4 was assumed.

7.1.2 Photoconductive Detectors

The expressions for signal and noise on photoconductive detectors were
develcped In Section 2.4. The detectivity of a photoconductor in general is given
by

* ni
]JA = ‘\/22 (7.5)
+ 1
thJgth/A T/q G RA

where Bth is the thermal generation rate, R is the resistance of the photoconductor

and G is the photoconductive gain. If sufficiently high gain can be obtained, either

by high blas fields or high mobility ratio, then the limiting detectivity for a
photoconductor reduces to the same as for a photodiode:

ni
* - e—
D*, A/gth

2he (7.€)

* 1f the values of the fundamental constants are used and if A\, is the cutoff
wavelength eqn 7.3 becomes

2.2 x 108 Xcz 3
DXk = —————/———— exp (7.21 x 10 /Xc T)

A “1‘[;

wnerz2 )c is in micrometers and T in degrees Kelvin,

(7.7)

DHIBINAL PAGE IS
7-3 ©OF POOR QUALITY

77-1-6



A SR T - TS S T T T oS A e S T S T
. ‘40 NOLLOVALdd 10 WGl XV HLLS @) 1L14a
RALNVAO IVIAL NV 904 fNILWNIANEL SA ALIATLDALLIG O TINET IVDLLTH04HL [/ oannyy
() @2anjexadua]
'144 002 08T 091 071 02t 001 08 09
~ 01
01
T -
= -
- - Vlm
o ] ~
— — 61 8
wt 21 = X x
N
o -
~ ki
M r~
A d
- -
- 0'7 = lu ]
n i
- ' -
. . acwm NHoH
1y =Y
(Laz/7a)dxa =4 \r Tz o - *d
| | _ 1 | |, \
¥

77-1-6




———

77-1-6

As for a photodiode, the ultimate limit to the thermal generation rate
gth 1s radiative recombination. To achieve this limit one wmust chcose the semi-
conductor material and the device design such that (a) radiative recombinac.ion

dominates Auger recombination and (b) the gain and device resistance are sufficiently

high that Johnson noice is lower than generation-recombination noise.

In summary both photodiodes and phetecconductors have the same ultimate
theoretical limit to detectivity, given by eqn 7.3. For photodiodes to reach
this limit, an electrically reflecting back-side contact must be used and the
choice of semiconductor material and device design must be such that radiative
recombination rather than Auger recombination dominates. For photoconductors to
reach this limit the semiconductor material and device design must be such that
Johnson noise does not limit dev.ce performance and that radiative rather than
Auger recombination dorinates. 1In addition, the photoconductor thizkness nust
be reduced to the thickness needed to collect signal.

72 MATERIALS FOR QUANTUM DETECTORS

The fundamental conclusion reached in the analysis of signal and noise
in quantum detectors was that the ultimate limit to detectivity in a quantum
detector (eqn 7.4) depended only on the wavelength, temperzture and material index
of refraction n. This ultimate limit could be met only if radiative, rather than
Auger, recombination was the dominant recombination process. Thus, in evaluating

semiconduct>r material classes for fundamental potential to achieve the theoreti-
cal limit to D*, the folloviug crite>ia should be used

(a) Auger reccmb.nation should be weak or negligible relative to
radiative -ecombination

(b) If (a) 1s satisfled then the material should have the lowvest
po-sible index of refraction

The two types of semiconductor materials discovered to date with
bandgaps suitable for 8-14 im detectors are those with a direct bandgap at the
zone center and those with o direct gap near the zone edge. (Hg,Cd)Te and
related compounds fall into the first class. They are cha’acterized by a con-
duction band with a low density of states and a valence band with a high density
of states. (Pb,Sn)Te and ralated compounds fall into the second class. They

are characterized by ellipsoidal conductiun and valence bands which are mirror
images of each other.

) S 7-5
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The two classes have been investigated with regard to the Auger recom-
bination rate. The shortest Auger lifetimes occur in un-type (Hg,Cd)Te or related
compounds. This is due to the very low electron effective mass. However, it
was discovered in the course of the progranm that if n-type (Hg,Cd)Te is made
degenerate by doping at high levels the Auger recombination mechanism is consider-
ably reduced in strength. While degenerate un-type (Hg,Cd)Te is unsuitable in
itself for an active infrared detector due tc the Burstein shift, the n-side of
a p-n junction can be made degenerate to reduce the n-side diffusion current.

The Auger lifetime in p-type (Hg,Cd)Te was analyzed in detail for the
first time on this program. Due to the assymetry of the valence bands in (Hg,Cd)Te
the Auger lifetimes are considerably different in n-type and in p-type (lig,Cd)Te.

In lightly doped p-~type electron-electron collisions were found to dominate while

iu very heavily doped p-type hole-hole collisions dominate. 1In both cases the

Auger lifetime is considerably longer than in comparably doped n-type. Auger reconm-
bination is weaker than radiative recombination in moderately doped p-type (Hg,Cd)Te
at temperaturesﬁelow 150K; thus, it ie possible to azhieve detectivities at the
theoretical limit for quantum detectors. To achieve radiatively limited lifetimes

above 150K it is necessary to use higher dopant concentrations (NA = J.OxlO18 cm‘3).

Auger recombiniation in (Pb,Sn)Te has been investigated by Emtage. Emtage
found that the Auger mechanism on (Pb,Sn)Te was strong due to a high longitudinal-
to-transverse effective mass ratio (mj/m) in both the conduction and valence
bands. As the (Ph,Sn)Te conduction and valence bands are equivalent, n~ and p-type
(Pb,Sn)Te have the same recombination times of equivalent dopings and temperatures,
Calculations based on Emtage’s erpressions have indicated that moderately doped
Ny > 1.0x1618 cn=2) (Pb,Sn)Te 1s limited by Auger retombination at temperatures
above 80K, and thus could nat achieve the theoretical limit for quantum detectors
at elevated temperatures. Semiconducting compounds related to (Pb,Sn)Te but with
a lower effective mass ratio (mllmt) may be more promising for elevated temperature
operation.

The third type of band structure common among semiconductors is an in-
direct gap. Examples of this type of band structure are silicon and germanium; no
narrow band-gap (0.1 eV) examples of this band structure are known. However, it is
possible to conclude that this type of bard structure is unlikely to achieve the
theoretical limit to detectivity. Due to the indirect gap, the radiative transi-
tior 18 weak. *Thus optical absorption coefficients would be low and radiative
lifetimes would be long. The chance of this type of semiconductor achieving
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radiative-limited lifetimes would be poor since very long Shockley-Read liferimes
would be necessary for the radiative lifetime to be shorter than the Shockley-Read
lifetime. Thus, even if a narrow band gap semiconductor existed with an indirect
gap, it would be difficult to achieve performance at the theoretical limit.

In summary, the most important critc: 2 for evaluating the potential
of various semiconductors for achieving detectivity at the theoretical limit for a
quentun detector is that Auger recombination be weaker than radiative recombination.
Three basic types of band structure have been evaluated, witi examples of two of
the three evaluated in detail. For (Pb,Sn)Te and related semiconductors Auger
recombination is dominant above 80K. If a semiconductor were found with band struc-
ture similar to (Pb,Sn)Te but less ellipsoidal conduction and valence binds, then Auger
recombination would be weakened. For (Hg,Cd)Te and related semiconductors Auger
recombination is doninant in non-degenerate n-type and lightly doped p-type
(Hg,Cd)Te. 1In heavil; doped p-type (N, ~ 1.0x1018 em=3) radiative recombination
is dominant up to 190K. Thus, p-type (Hg,Cd)Te or related appears to be the
best candidate on a theoreitical basis for achieving the theoretical limit to Dx
for elevated temperature operation.

7.3 PRESENT STATUS AND ULTIMATE LIMITS: FHOTOVOLTAIC DETECTORS

The status of present 8-14ur_photovoltaic detectors wis unalvzed 1n an
effort to determine the factors limiting performance. Two materials have aominated
the field: (Hg,Cd)Te and (Pb,Sn)Te. As the analysis of Section 3 indicated, these
materials are representatives of two different types of band structures; new
materials with fundarentally different band structures ave unlikely.

Of the two materlals (Pb,Sn)Te has seen the most development For photo-
dioces. Data on present (Pb,Sn)Te photodiodes was analyzed to determine the
limiting parameters. It was found that the best (Pb,Sn)Te photodiodes are limited
by diffusion current for temperatures above 80K. The data was fit by using the
Auger-limited lifetime for (Pb,Sn)Te. Thus, present (Pp,Sn)Te p-n jurnctions
appear to achieve Auger-limited performance. Further improvements could come only
from development of the electrically reflecting backside contact. Present (Pb,Sn)Te
diodes prepared by liquid phase epitaxy on PbTe substrates effectively incoroorate
this structure as the (Pb,3n)Te layers are approximately 10Lc thick. No elevated
temperature data on these devices has been published. The adrantage pained from
the reflecting contacr is a factor of 2 in detectivity at elevated temperatures
Figure 7.2 shows the RyA calculated as a function of temperature for a constant
12um cutoff assuming an Auger-limited lifevime. igure 7.2 also shows the F A
obtainable with an electrically reflecting backside contact.

To sumrarize, the present performance of (Pb,Su)Te phctodioaes at eleo-
vated temperatures Is limited below the theoretical mavirum fur a quantum detector
by a short Auger lifetime  The short Avper lifetime is a consequence of the kand
structure of the wmaterial. Data on the best (Pb,Sn)Te photodiodes hus been modeled.
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Data on ordinary p-n junctions can be fit using lifetimes near the Auger limit;
similarly, deta on homojunctions formed on thin (Pb,Sn)Te epitaxial layers (on
PbTe) can be fit assuming Auger-limited lifetimes and diffusion lengths limited
by the thickness of the epitaxial layer. Thus, substantial improvement irn the
performance of (Pb,Sn)Te photodiodes at moderate and elevated tempecratures appear

unlikely.

8-14 ;m (Hg,Cd)Te photodicles have been developed primarily for wide
bandwidth applications where low capacitance is required. The device structure
developed for this application is a lightly doped n-lsyer on a moderately deped
p-type wafer (n- on p). Data from n- on p (Hg,Cd)Te photodiodes has been analyzed.
At low (T<110K) temperatures n- on p (Hg,Cd)Te photodiodes are limited by generation-
recombination current, with an effective depletion-layer lifetime of 30 ns. At
elevated temperr.tures, the diodes were limited by diffusion current with p-side

l1ifetimes of 30 ns.

for (Hg,Cd)Te a n+ on p device design is superior to the n- on p for
high aetectivity applications for two reasons. First, the use of high n-side carrier
concentrations reduces the width of the depletion layer and hence reduces depletion
layer g-r curreni. Secondly, use of high n-side carrier concentrations makes the
n-side degenerate, which was found to greatly reduce thermal generation by Auger
processes. This, in turn, limits diffusion current from the n-side

The best device design for (Hg,Cd)Te for elevated temperature operation
is n+ on p. Figure 7.3 shows R,A as a functicn of temperature calculated for a
constant 12-im cutoff wavelenpth. The lowest curve corresponds to lifetimes
currently neasured in p-type {lg,Cd)Te. The factor limiting Rga 1s the p-side
lifetime r . The p-cide lifetimes presently observed are considerably shorter than
the radiative limit and 1s apparcutly due to a Shockley-Read center. If the lifetime
can be improved to the radiative limit, then considerably .mproved R,A can be
achieved. This ig also shown in Figure 7.3. Finally, if lifetimes near the radia-
tive limit can be obtaincd, then the electron diffusion length or the p-side is
quite jong and use of the reflecting back-side contact can considerably improve
R A. This is also shown in Figure 7.3.

At temperatures above 170k, electron-electrsn Auger recombination teccres
significant in p-type (dg,Cd)Te. lise of more heavily coped p-type wafers (Ny ~
1.0x1¢18 «m~1) weuld make radiative recombination dominant to ~J]90K. Thus, tie
optimum device design for (Mg ,Cd)Te photodiodes for operation above 17CK is a n+
-p+ design. 1f radiatively-limited lifetimes can be obtained in p-type (hg,Cd)Te,
tten (Hp,Cd)Te photediodes could achieve the thecreticzl 1limir to vetectivity for
quantum detectors (Yigure 7.1).
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In summary, the ultimate performance of (Hg,Cd)Te photodiodecs at
moderate and elevated temperatures appears to be limited only by radiative
recomoination, thus they could achieve the ultimate linit for quantum detectors.
The conclusions rest on twu developments made during the program: (1) that
doping n-type (Hg,Cd)Te to degenera~y significantly reduces Auger recorbination,
and (2) that Auger recombination is moderately doped (Ax1017 < Np < 1.0x1018 ¢m=3)
is limited by electron-electron collisions with resulting Auger lifetimes sub-
stantially longer than n-type (Hg,Cd)Te and longer than the radiative lifetime.
The device structure which can achieve the ultimate performance is a n+ on p
design.

Performance of present (Hg,Cd)Te photodiodes have been analyzed. The
devices are limited by a short, Shockley-Read limited lifetime on the p-side.
This lifetime i8 approximately 30 ns. Improvements in this lifetime are crucial
to achieving the theoretical limit to performance.

7.4 PRESENT PFRFORMANCE AND ULTIMATF LIMITS: PHOTOCOADUCTIVE DFTFCTORS

The ultimate theoretical limit for a photoconductor is the same as
that for a photodiode; Figure 7.1 shows thelimit to detectivity which could be
achieved. The ability of a photoconductor to achieve this detectivity depends
on the following conditions:

1) Lifetime should be limited by radiative rather than Auger or
Shockley-Read combination.

2) Generation-recombination noise should dominate Johnson noise

3) The thickness of the photoconductor must be approximately an eopticail

absorption depth

in addition, '/f noiase should be negliglble.

(Hg,Cd)Te has been the only material developed fer 8-14 um photo-
conductors. Present (Hg,Cd)Te photoconductors use n-type copings as low as
possible to achieve maximum detectivity; 4t moderate and elevated temperatiure
th {(Hg,Cd)Te would be intrinsic. The detectivity of the present best (Hg,Cd)Te
photcconductors !~ limited by veneration norse which os dotormind oy s
recombination. Thus, further significant improvement in (¥g,Cd)Te photnconductors
at eievated temperatures is unlikely.

The ultimate limit to detectivity for n-type (Vg,Cd)Te phatoconductors
calculated for a constant 12-:m cutoff 1s shown in Figure 7.4. The detectivicy
falls well below the ultimate limit for quantum detectors at elevated temreratures
due to rhe Auger lifetime. For moderate temperature (77-120W) creration bowever,
(Hg,Cd)Te photoconductors cculd achieve detectivity withbin a {actor of 3 of the
theoretical limit for quartum detectors.
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The p-type (Hg,Cd)Tc photoconductors have not been developed, largely
because the performance at moderate (less than 150K) temperature is considerably
lower than n-type (HMg,Cd)Te. At elevated temperatures p-type (Hg,Cd)Te could
offer performancze superior to n-type due to the nuch longer Auger lifetime in
p-type (Hg,Cd)Te. However, for temperatures above 150K detectivities above
8.0x102 cm Hz /W cannot be attained, making p-type (Hg,Cd)Te photoconductors
unattractive.

(Pb,Sn)Te has also been examined as a photoconductive material. The
barrier to (Pb,Sn)Te as a ptotoccnductor has historically been the high carrier
concentration in both bull and epitaxial (Pb,Sn)Te. For carrier concentrations
above 1.0x1015 cm~3 detectivities above 1.0x10l0 em Hzglw are not possible; carrier
concentr: tions lower than 1.0x1016 cm~3 were not regularly obtained in (Pb,Sn)Te
until se<cently.

If low carrier concentration (Pb,Sn)Te can be obtained (N < 5x1014 en™3)
then (Pb,Sn)Te photoconductors are more attractive on a theoretical tasis than n
or p-type (Hg,Cd)Te for operating temperatures above 160k. However, due to the
rapid Auger recombinatfon in (Pb,Sn)Te, the theoretical limit for quantum aetectors
cannot be attained.

In summary, neither (Hg,Cd)Te nor (Pb,Sn)Te photoconductors appear
capable of achieving the ultimate limit to detectivity for quantum datectors.
At elevated temperatures, (Pb,Sn)Te theoretically aprears to offer the best per-
formance, but requires carrier concentrations below 1.0x101% cm~3. carrier con-
centrations at this level have not been achieved. At low and moderate tcrperatures
(T < 140KY, n-type (Hg,Cd)Te theoretically offers the hest performance a1? pre-
sently achieves performance near this level.

Both amplifier covpling and power dissipativn have been examined. While
it appearc ponssible to design amplifiers for the very low resistance values typical
of photocorductors at elevated temperatures, the amplifiers would have very high
power dissipation ard would be suitable only for off-focal-plane use. Power
dissipation of the photoconductor alone is of order 10-60 uW per element and would
not be a driving factor except in large focal planes.

7.5 THERMAL DETFCTORS

Thermal detectors are a fundamentally different class of detectors than
quantum detectors with different limirations. The type of therm:il detector judged
most likely to be useful in future NASA applications is the pjy-oclectric detector:
thus, only pvrocloedtrics were esamined n detasl.

The ultimate limit to detectivity in pyroelectrics is temperature
fluctuation noise bet.cen detector and epvironment. If g is the thermal corduc-
tivity between detector and i1ts surioundings.
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D*, = (4kT2g)

7.8
A (7.8)
If the detector can be sufficiently well insulated thermally from its environment,

then g is limited only by radfative heat flow given by g=4 vhere 0 is the Stefan-
Boltzmann c(onstant. The limit to D* for a pyroelectric is thus

P, = (l6k g T) P (7.9

A
10 %
which for T=300K is 1.8x10  cm Hz °/W.

Performance of present pvroelectrics is limited by two factors: di-
electric loss in the detector and high thermal conductance between detector and 1its

surroundings. The detector limited D* is given by
Y L P
x = 1
P4 ¢ V¢ | tané 8ﬂkT€od £ 1 (7.10)
vhere

= pyroelectric coefficient

= yolume specific heat of detector material = pc

€ = dielectric constant

tand = dielectric loss coefficient
d = detector thickness

f = frequency

Tr = thermal loss factor

Impro.ements in pvrvelectrics will require (1) improvement in material
parameters, (2) reduction of dielectric loss (3) decreased thickness d or (4)
improved thermal isolation. Each of these was examined; the following conclusions
were obtained:

(1) Material parameters. The figure of merit for a pyroeleciric detector 1is

p/C VE.

parameters may vary significantly among pyroelectric materials, the fipure
of merit was found to be constant to within approrimately 1 fartor-ef 2, -
1t was concluded that i1t was unlikely new pyroelectric materials with
signifrcantly mmprovad firgures-of-morit would be fori..

.3
Liu, ook and txnmvﬁ ® have found that oven thow b oy one ot tie

(2) Reduced dielectric loss. The origin of the dielectric loss (tan)) Js not well
understood. Analysis of data on the best present pyroelectric detectors

sugpest that, at least at low frequencies, the measured loss is re:lly

7-14
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due to thermal exchange with the environment rather thar a material
or a processing phenomena. Furtber experimental investization into
the origin of dielectric loss in pyroelectric detectors is warranted.
A practical limit to decreased loss is amplifier noise; as tand is
reduced the pyroelectric noise can decrease below the noise of available
amplifiers. This limit, of course, depends on parameters such as
detector area and capacitance. -k
(3) Reduced thickness. Reducing pyroelectric thickness improves D* as d °.
Over the past few years there has been substantial effort to 1lmprove D*
by reducing the thickness in crystalline pyroelectrics. Fresent limits
to thickness are 2 um, achieved by fon beam milling. Further reductions
in thickaess of crystalline pyroelectrics will be limited by the neces-
sity of having the detector self-supporting for thermal isolation. Thick-
nesses ~1 unm appear to be a reasonable limit.
Thinner detectors can be obtained using organic films. Films less than
1-m thick appear practical. At present the films are limited by a low
pyroelectric coefficient and high dielectric loss. However, substantial
room for improvement remaiuns and pyroelectric polymers may becom2 impor-
tant in the future
(4) Improved thcrmal isolation. Improving thermal isolation is the most
important factor in improved detectivity. The prescnt best pyroelec-
tri- detectors fabricated both from SBN and LiTaOj appuar to have detec-
tivity limited by thermal conductance between detector and surroundings,
Further improvements, however, appear quite difficelt. The best pre-
sent pyroelectric detectors are usually in contact with the substrate

only on supports well isolated thermally from the electrical’y octive
region and are operated in vacuum.

Figure 7.5 shows the detectavity for an SBN pyroelectric at 300%h as
a function of the product of frequency times thickness. Curves are “or g dieleo-
tric loss factor of 0.002 for varicus thermal conductances. Data on the best
present SBN pyroelectrics are shown also. As Figure 7.5 indicates, high dcotec~
tivity can e obtained only at relatively dow frequencies even with very than
detectors. A dztectivity of 5.0x107 ¢m B22/W conld be achieved orly out to
20 Yz for a detcctor S-.m thack, or 50 Nz for a 2-pm thickness. tianh detec-
tivity will be obturncd only 1t relatively low frequencies.  Achieving hagh
detectivity will also royuire good thermal isoration; this will) be daffacutr
for small pyroelectric clements in array configurations. ihgher frequency
response can he obtaned 1f the diclectric loss is improvvd9 A J~‘w thick
pyroelectriv with tand = 1.0:107% (ould achieve DX = S5.(: 107 cm Hz /W 2t 300 iz,

in summary, p;{;clc«tricn of fer room temperature oper ition with getec-
tivity as high 15 5.U0x107 o Nz 2w, However, pyroclectios for hich detectavity
ppltcatiens will probably remain low Treguency devices (<10-400 #2) and appear

drtiacult to realize an cmil) device areas (7 10-} ). Difficaleies such as
ther=al asolatton of the cetector will become 1nereasingly a probler for hipher
deteciavity and smiller olenent siz¢.

s
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APPENDIX A
STEADY STATL CALCULATIONS AND SWEEPOUT CORRECTION

The signal and noise mechanisms in photoconductors (Subsection 2.4)
were found to depend upon the steady state electron and hole population dersities
2::d the effective incremental lifetime. The situation is complicated by
ambipolar carrier drift in the applied field, which has the effect of reducing
both the population densities and the lifetime. The procedure followed here -
is to calculate the populations anc lifetime ignoring sweepn>ut and then give an
approximate correction method for sweepout.

In the ideal photoconductor considered here, the thermil generation-
recombination mechanisms are the radiative and Auger. The rate equ:tions are
ottained from mass action principles as follows:

gR = Bni2 {(radiative generation rate) - (A.1)

tR = Bnp (radiative recowubination rate) (A.2)

g, =G (E— ) +C (B— ) (Auger generaticn rate) (A.3)

A ee n hh p3

r, = Gee —332_ + Chh —252— (Auger recombinztion rate), (A.4)
Ry Po Py o

Here n, and b, are the electron §nd hole densities at thermal equilibrium,
n=mn + fn, p = po + An, and n, = n.p 3 B is the radi?R1¥$ cdaptuire prolability
and GEe and Chh are equilibrium Auger generation rates.

(A1)

The net thermal recombination rate (which can be expressed as a function
of n only since p = n - [no - po]) is:

R(n) = (rR = ;;R) + (rA - ;;A)- (A.5)

The steady state parameters for optical bias ¢ (zero electrical bias) are
obtulned by btqucoting R to the cxternally scimu?eted generation rate:

Rr = t A = . (Hh.6
(nB) R(no "B) n¢B/t {(n.6)
The Incremental lifetine 1s:

A d 1=
l(nn) = {E; l\(u)] n=nB- (A7)
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When a bias voltage is applied to the detector, a noruniform concentra-
tion profile is establisiied between the electrodes due to ambipolar drift in
the electric fie%x:3)1f diffuswon 18 neglected, the steady state relation describing
this profile is:

dn
R(n) = u (n) E = ng/t, (A.8)
with the ambipolar mobility pa given by:
= 1 (n- +p). .
Mo Le(n »)/ (bnt+p) (A.9)

If the coordirate direction is chosen so that x = 0 locates the electrode
toward which the minority carriers drift, the appropriate boundary condition
for ohmic contacts s An = 0 (n=n_ and p=p ) at x - 0. The average n
corresponding to ¢B requires integrating (X.S), using n(0) = n s to ogtain
n({x) and then averaging:
L .
ng = 5[ n(x)dx (A.10)
B 9 * .

.

0
For low optical bias, Yy is constant and R = (n--no)/To whare T, is
constant. Then equations A.8 and A.10 yleld:

n.t u_Et ]
B o a o
B o " {1 -3 [1 - exp (‘gluaEToﬂ‘ (A.11)

For large optical bias p_ and R may both vary apnreciably wvith x so the exact
determination of n_ requires numerical i-tegration. However, this may be
avolded ?X t9troducing into equation A.5 an empirical sweepout recombipation

term L N
2Vue n P, bno+p° 0.75
r (n) = * (n-n ) (A.12)
+ +
8 n2 bnO po bn+p o
= - + R (A.
Roer = B+ (r, —g )+ (A.13)
The approxinute " 1s determined as the sclution of:
Ropr (Pg) = nép/t, (A.14)

and the offective ordinary and incremental lifetimes are analopous to the
correspoudsny 1ifetimes defined in Subsection 2.3:

A-2
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Topr = (g = 0 )R g () (A.15)

- d
Vetf = {dn Roee™ i] (A.16)

The approximations A.12 tarough A.14 have been found to have a
wide range of application in both n- and p-type calcuiations. Errors in
~%_ are negligible when r 1is very small or very large. Worst case errors,
wgen r ~ R, are not more than 12% at low to moderate ¢ such that “B ~ 5(n°+p°).

s ¥
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