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T. INTRODUCTION

Two competing technologies exist for sensitive detec-
tion of far infrared radiation in the 100um region: extrinsic

germanium photoconducmrsl and cryogenic bolometerse. Both.

were initially developed in the early 1960's but have fola

lowed different courses of development. Germanium photo-
conductors are capablé of submicrosecond response times .

and high sensitivity. They have been used primarily as
detectors for submillimeter lasers and in.laser spectroscopy,
and secondarily in infrared astronomy. Bolometers have

slow characteristic respchnse times, especially in their

‘highest sensitivity configuration. They have been used with

grating and interferometric spectrometers where uniform spec-
tral response is desired and in infrared astronomy.
" As a resuit of the emphasis placed on laser spec-

%roscépy with germanium photoconductors there has been

‘1ittle develcpment of these devices for low background opera-

tion. 'the only previous serious developmeﬁt for low back-.
ground use has been that of Feldman gﬁ,al,B. In this work

-14 ~1/2 4t 100 microns

watis Hz
was achieved with a device operating at a temperature near

4, 2°K. This result, however, is equal to the best published
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optical measuremencs for germanium bolometers although the
bolometer has received far more development effort and.ité
operating temperature is much lower.

 With these considerations in mind a néw éffort to
optimize gallium-doped germanium photoconductors (Ge:Ga)
‘for use'in,space appeared appropriate and has been under-
taken wilth the aid of this contract and a year of sabbatical
study provided the authcr by thé Naval Research Laboratory.
This year of sabbatical study overlapped with a part of a
similar effort conducted at Cornell University by Klaus
Grossmann (Physikalisches Institut, Nvssallee 12, 5% Bonn 1,
Fed. Rep. Germany) in preparation for high altitude rocket
.studies of the upper atmosphere. The two efforts were com-
plementary since the rocket program used detector raw material
from a commercial supplier of germanium, whereas the author's
program concentrated on materlal specially grown at the
Naval Research Laboratory several years ago as part of our
initial detector research program,

A large part of both programs was devoted to developing

c}ydgenic apparatus capable of calibrating detectors under
low background conditions. Some selection of amplifying

circuitry and transistors was also necessary although the

particular transistor used need not limit detector perfor-
" mance. Experimental details will be given in Section IV,
The best results obtained during the period of this

contract were: ' for commerically produced material’
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NEPA(100,150,1) =7 x 10712 yatts Hz'l/e; for material grown

at NRL and optimistic signal radiation éalculations

NEP, (100,160,1) = 1.8 x 10”% watts Hz"Y2, The numvers
given in parenthesés are the wavelength in microns, the
chopping frequency in Hz, and the nolse bandwidth in Hz,
'respectively. These results are not directly comparable
since the radiation incident on the detector, the detector
temperature, the method of calculating signal pdwer, and the
quantum efficiency differ in the two cases. Detailed calcuw--
lations of the results with the NRL detector indiéate that
the device 1s thermal generation-recombination {(g-r) noise
limited with a quantum efficiency between 0.56 and 1.0 at
100 microns., The commercial material may also. be g-r noise
limited since its reéistance was a factor of about 20 lower
than that of the NRL material indiecating a factor of 20
increasé. in carrier generation rate. A factor of 4.5 in-
crease in NEP is expected for this situaticn. The results
achieved Indicate that the detectors are well-behaved and

have quiet electrical contacts, Therefore extrapolation of

. +these results to- simaller detectors and lower detector opera-

tion temperature can be made with contidence that calculated

performance can be realized.

In the course of this ‘program, a previously observed

" exporniential dependence of carrier lifetime on bias electric

field was confirmed. An earlier measurement of resistance
versus bilas ha@_éuggested such a dependence but at that time

it was ﬁot possible to eliminate detector heating as a pos-
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.81ble cause of the strong resistance-bias dependence,
Measurements under this program as a function of infrared
background have eliminated this possibility. This increase
in carrier lifetime with bias makes operation at high bias
fields desirable and, in turn, requiresthat optimum electrical
contacts be used,

Results reported here show that Ge:Ga operating near
4,2%K is, at present, atf least a factor of three more sensi-
tive than the best optical measurements published for ger-
manium bolometers for use at 100 microns.2 Future improvements
can be achieved wiﬁh smallgr detectors 1f high gquality elec-

trical contects are used. NEP's better than 1 x.lO'lé

-1/2

watts Hgz should be achlevable.

AGE I8
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IT. SHALILOW IMPURITIES IN’GERMANIUM
Impurities from groups IIT or V of the periodic table
create shallow bound states in germanium; typical binding
energies of these states are about 10 meV. Photohs with
energies equal to or éxceeding the binding energy can free
éérriers from these impurities leaving én ionized impurity
atom and a mobile carrier in either the.conduction band (when
the impurity is from group V) or the. valence band 1when the
impurity is from group III), Any of these impuritiés can
: be used to make photo-conductive detectors. The choice of
impurity to be used is based primarily on the ease with which
' the impurity cah be introduced inte germanium without simul-

taneously addlzg other undesired impurities. Undesired
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Impurities of the type opposite that of the desired impu-
rities (that is, acceptors in n-type material and donors
in p~type material) are called compensating impurities and
produce recombination centers which reduce the carrier life-
time. Of all the impurities in groups IIT and V, the most
. easily introduced in a relatively uncontaminated and controlled
way is gallium., Procedures for producing high quality Ge:Ga
have been described by Swiggard And Shenkeru. |
Very long wavelength photoconductive detectors differ
from those used at shorter wavelengths (e.g, Ge:Hg, Si:As)
in that the electric fieldrat which impact ionization of
neutrai impurities occurs éan be quite low., Breakdown
fields as low as 3.0 volts/cm have been observed in Ge:Ga.
This low breakdowr field has two principal causes: the
ionization energy is lower than is the case for other
widely used detectors (a factor of 10 lower than Ge:Hg) and
the ionization energy lies below the optical phonon energy;
carriers caﬁ feach energiés capable of producing impact
_%Qnization before the strong optidgl phonon scattering can
take plazs. Impact ionization and its attendant noise pro-
duce sn upper limit on the electric field which can be used
with these detectors. This, in turn, causes the photocon-
ductive gaia Yo be limited to values often much smaller than
-‘1/2.: This results in a somewhat lower.responsivity‘than is -
the caée with typical photoconductive detectors operating
at shorter waveiengths. Since the responsivity is relatively

low, it 1s necessary to be particularly careful in minimizing

-




the noise,

Carriers in shallow impurities have large ground state
radii and, therefore, these impurities cannot he introduced
to high concentrations without overlap of impurity ground
states, As impurity ground states begin to overlap the
, "hoppingh and "impurity banding” pfocesses begin to shunt
the normal free carrier conduction process. This hopping
conductivity is of no serious concern, however, since experi-

mental evidence indicates that the nut product is optimum

1 -3

for impurity concentrations of the order of 1 to 2 x 10" 'em -,
a concentration well below.the onset of hopping conduction,
This optimum concentration.Was determined for Ge:Ga using
both comﬁercially available material and material grown at
NRL. Optimization was carried out with no_éonsideration
for reducing the sensitivity to nuclear or cosmic radiation.
When such radiation is of concern the optimum impurity con-
_ centration méy be larger than the values given here.

A widely used contacting method is either growing of
ion implanting a heavily-doped reglon using boron impurities.
Such contacts can have undesirable high-resistance regions |
if they are constructed using technigues which allow a grad-
ual‘transition from a lightly-doped sensi@ive regipn to
a heavily-doped contact regiocn, -~ As show-n\:l’.-n ‘Fig'. 1, the

" sample resistance (with background infrared radiation) has

a maximum at a concentration of about 1 x 10%° em™?, Whenever
the contacting procedure produces a grdded contact region

in which the impurity concentration varies from less than

LS




1x 1012 to greater than 1 x 1012 cm'z, the resistance will
reach a maximum if the optical generation rate excéeds the

thermal generation rate. This latter condition could occur
in space missions if the device is pointed near the horizon

or any other strong source. When these conditions apply,

. the bias electric field will fall across the high resistivity

region and excess nolse may be observed. A good contacting
procedure should ensure that the contact is abrupt in order
to minimize the likelihood of anomalous noise behavior
when viewing strong sources.

Respongivity to optical (infrared) generation is
maximized at an impurity coﬁcentration considerably lower
thaﬁ that used for detectors in the 8-1% micron window.

The difference in optimum impurity concentrgtion is under-
standable when the optical cross sectioﬂ per impurity atom

for the deep and shallow impurities is compared. As an

iﬁdication of the differencss in optical cross section. the

absorption coefficient per impurity at the ionization energy

iz tabulated in Table 1 for some selescted impurities in

germanium,
TABLE 1

Tmpurity _ GAP _ Abs. Coef/Impurity/gm3

Ge:Ga 10.97 meV - 1.05 x 10““lL em®

Ge:T1 13,10 meV 7.% x 107 em?

Ge:Be o4 45 meV 6.8 x 10715 cm?

Ge:Hg «  91.30 meV 1.0 x 10710 cp?
ORIGINA
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As a result of the strong variation in absorption
coefficient per impurity, the total absorption coefficient
of Ge:Ga with 1 x II.(J:]"!4 impurities/cm3 is the same as that
for Ge:Hg with 1 x 1010 impurities/cm”. Therefore Ge:Ga
is analogous to Si.As in that lafge total absorption coef-
ficients are possible by using large impurity concentrations,

Equations for the minimum detiectable signal to be
presented in Section III will show that only the signal-to-
Johnson noise and sipnal-to-amplifier noisé ratios are
functions of w1, Since impurity banding occurs only after
the impurity concentration exceeds about 1 x 1017 cm'j,
it is possible to construc% detectors with absorption coef-
ficients'at least as high as 10 em™ L, However, such detec-
tors would have low -7 products and achieving the generation-
recombination noise limited condition may be difficult. It
is expected that Ge:Ga cun be optimized for radiation en-

vironments by optimizing the impurity concentration in the

.same way as Si:As 1is optimized.

IIT. ELECTRICAL.OPERATING CONDITIONS

-Infrared detectors must be operated with biasing and
ampiifying circuitry appropriate to the type of detecter
and operating conditions expected. In this report we will
"~ consider two distinctly different operating‘conditions:'
(1) low infrared-backgfound‘typical of the night_sky above
_ the earth's atmosphere; thé infrared flux'ihband (say #0-

120 microns) is so small that phonon carrier generation

LT ISETESI IR AT SN e ED I N T
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will be the dominant generation mechanism. This is cer-
tainly appropriate for a detector operating at 4,2°K., As

the bath temperature is reduced, however, other generation
processes may become important, (2) Intermediate backgrounds
typical of alrcraft or balloon borne systems with backgrounds

of the drder>of 1l x 10'7 watts, In this case the dominant

- carrier generation mechanism is optical generation and the

detector resistance is lowered as a result of the higher
carrier concentration.

A generally applicable set of equations for achievable
NEP has been derived in a form designed to allow quick
optimization of detector oﬁerating conditions. These
equations differ slightly from the usual equations for
detector NEP in two respects: (1) The detector is aséumed
to be placed in an integrating cavity or behind an aperture
which defines lhie total amount of power avallable to the
detector., The detector dimensions therefore do not de-
termine the amount of power incident} A similar situation
is realized fop systems which are constrained to have the
detector size equal to the diameter of the Airy disk. If

the detector dimensions are changed, then the optical system

is changed so that substantially all of the radiation from

each resolution element is incident on the detector. These

" eondlitions are met with most ogﬁimiagﬁ*opticél systems.

(2) Both the detector and ldad resistance (feedback resis-
tance when operational amplifiers are used in the trans-

impedance mode) are left in the equations. This has been
p 18
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di e to make the optimum load resistance casier to calculate,
Many formulations of detector sensitivity assume that the
load resistance is much smaller than the detector resistance.
When such formulations are used the photoconductive gain
becomes an important parameter in the sensitivity equations,
'Photocoﬁduative detectors capable of operating at very long
wavelengths may have resistances comparable to that of
available resistors. If the infrared background is not
negligible and a conventional bias circuit is used, it is
possible vo maximize the signal by maximizing the load
resistance., In such a case it is advantageous to use long
detectors 1If amplifier voltage noise is the dominant noise
in the system. This is Jjust the opposite of the usual
result for the small load case.

The NEP equations were derived for a uniformly illu-
minsted devector using both a conventional load rezistor
and preamplifier circult and using an operational amplifier
circuit. If the first stage transistors of the two types
of amplifier have the same voltage and current noise charac-
teristics then the signal-to-noise ratio, and therefore
the NGP, for the operatiqnal amplifier used in fhe current

sensitive (transimpedance) mode and the cqnventional cir-

cuit are identical. The load resistance of the conventional

: amplifier and the feedback resistance of the operational

amplifier appear in the equations for the signal-to-noise

ratio in the same way. These NEP equations are, therefore,

‘very generally applicable.

-
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Excess 1/f noise within the detector itself cannot
be expressed analytically in spite of recent advances in the
understanding of this omnipresent annoyance5’6’7. Optimiza-
tion of detectors is therefore still a black art and is likely
to remain so for many years.

Separate NEP equations for each of the important noise
sources (other than 1/f noise) will be given below. Since
the separate noise sources are uncorrelated the overall
NEP 1s the square root of the sum of the squares of the
separate NEP's, In some situations one term can be clearly

dominant and the others can be ighored., It should be noted

that NEP calculations are small signal calculations. The

-assumption that the detector is ohmic need not be made for

this situation; the NEP equations have the same form for

elther case. ™he following symbols are used in the NEP

equations:
Sot = the thermel carrier generation rate per
unit volume (carriers e sec*l).
SOO = the optical carrier generatir . rate per
- )
~unit volume (carriers cm 3 sec ).
¢o = the photon flux per unit_golumelincident on
the detector (photons cm™ sgec”
-21
hv = the energy per photon = 1,99 x 10 Joules
per photon at 100 microns
N = the detector guantum efficiency
i = the free carrier mobility (cma'volt—lsec"l) )
T ;= the free carrier lifetime (sec.)
k' = Boltzmann's ccnstant " ORIGINAL PAGE IS
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e = the election charge.
E, = the bias electric field (volts cm™t).
T - the detector and load (or feedback) resistor
temperature (assumed the same) (Kelvins).
RO = the detector resistance (ac resistance if
‘ non-chmic).
Ry, = the load (or feedback) resistance.
g = the length of the detector in the current
direction (cm).
w and t = the detector width and thickness (cm),
v = the preamp voltage noise (volts Hz';/e).
i = the preamp current noise (amps Hz'l/e).
NEP's for the various noisé sources are:
For optical generation-recombination noise
hv /2
NEP(GRO) = 2;T7§ (¢, wit) /2 (1)
For thermal generation-recombination noilse
- hv 1/2
NEP(GRT) = " (8,1 Wht) / . (2)
for Johnson noise N
(4kT)2g R 4R %
" hv o L :
NEP(JON) = — = =) . (3}
; ’ Eqrer 1 ROBL '
For Amplifier noise
o £ hy .. o RAR. 2 5 1/2
NEP { AME = e X [y o L + i
{AME) ﬁaw“.ﬂ[n(RORL)* il (&)
Of nourse the detector dc resistance, R

is a func-

tion of the carrier generation rate and mobility and is given

by | ‘

’ w'ﬂ PRI PR -

LR et e

| s
ORIGINAL PAGE I3
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Values for the detector parameters, methods of measuring
these parameters, and results for typical Ge:Ga detectors
will be discussed in Sections IV and V.

In addition to the above equations for achlevable
NEP it is useful to have available an expression for de-
tector responsivity in order to compare results of optical
signal measurements with the expected signal based on a

knowledge of the material parameters. The voltage responsivity,

mv, is given by
_ R_R. : R R
- i o L = _ n oL
By = BqTek 5 R ¥R, - S°nv R FR] - (6)

All the above equations can be specialized for various
situations of interest. This is useful when-relationships
between Ry and Ro are established by system or detector
constraints. For instance, if detector resistances are
vézy much higher than any forseeable load resistor then
“the small load (or constant voltage) case applies. In this
cagse the phqfOcoﬁductive gain remains in the responsivity
ééuétion. Such-is not necessarily the case with Ge:Ga
'and, consequently, good,results can be achleved with detectors
that are somewhat larger than 1s customary. This ‘is not\a
statement that large detectors are desirable for all circum-.
" stances, but a recognition that some freedom of choice is
present.

Optimization of the detector-electronics character-

T AT
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istics and the optical syslem characteristics can be done
independently since the dimensions of the detector itself

need not define the resolution of the system. However, if
apertures are used in front of the detector it is important
that provision be made to ensure uniform detector illumination.
Non-uniform illumniation can have two adverse effects:

(1) Signal output is reduced if a large series resistance
appears in unilluminated regions. (2) The maximum bias
electric field is reduced, and thereby the signal, if large
electric fields fall across the unilluminated regions.

A comment onh the relationship between generation-
reccmbination noise and shat noise is apgropriate to clear
'up gome éonfusion which exists in some published'g—r noise
equations. This comment is of concern ﬁhenever the photo-
conductive gain, g, différs appreciably from oné, in particu-
lar when g < 1. Shot noise and generatlon-~recombination
noise are closely related and can bhe writtén in the same
form. However, g-r ricise differs from simple shot noise

1/2 and 1s a function

in that it is larger by a factor cf 2
‘af the photoconductive gain:

Igre = legl = . - (7)
vhere 1 is the current through the detecter., Il g %
_the g-r nolise can be.less than the simple shot noise in a
.device carrying the same current. It is important to note-
that the simple shot noise does not exist in a de#ice with

g# 1, In fact, the g-r nuise as given by Eq. 7 above is




15
the same as the appropriate shot noise for the device,

IV, DEXPERIMENTAL PROCEDURRES

Laboratory calibration of long wavelength detectors
for low background conditions requires careful design of
‘the calibration system in order that sensitivities be speci-
fied with reasonable confidence. Two calibration systems
have been develuped under this contract. One of these
systems 1s useful for quick turnaround tests of detectors
and amplifiers but can be used with unchopped signals only.
A second; more conventional, system uses a chopped signal
source but requires about a day per run, Detectors héve
been tested in both systems and the results are in fairly

good agreement.

Quick Turnaround Dipstick Test System

In order to make quick tests of detectors and ampli-

iers a system was constructed based on the double walled
light pipe systems widely used at NRL, This system consists
of three concentric thin-walled stalnless steel tubes as
~ shown in Fig. 2. The inner tube carries a black hody with o
a carbon resistor thermometer and heater and is kept in
vacuum., The second stainless tube supporfs thé;defector
: mount and separates the inner vacuum from the détector
atmosphere, a low pfessure helium gas. The third tube

serves as the ogter Jacket and electrical shield for the




preamplifier, The entire assembly pass-s through the neck
of a standard liquid helium storage vessel. Transfler of
helium tc a test dewar is not required and cooldown of the
detector and elecltronics takes 10 minutes or l=ss, Cooldown
of the blackbody in vacuum is somewhat slower, generally
requirihg about two hours to fall below 70°K, Calibration
of the preamplifier and.evaluation of the detector contacts
can be completed 1n about 30 minutes. Complete evaluation
of the detector responsivity and noise can be carried out

in about three hours. The major advantage of this system is
the quick turnaround capability when some component fails
during prototype deve]opmeﬁt of amplifiers or when initial
evaluation of many detectors is desired. The system can be
wafmed to room temperature, modifications made, and recooled
(blackbody excepted) in a half hour or less.

A more detailed drawing of the coptical baffeling lay-
out is given in Fig. 3. All surfaces below the black body
aperture are primed and painted with two or more coats of
3M Velvet black paint. Surfaces below the crystal quartz
window are threaded and painted black. Unwanted reilections
are kept to a minimum, Apertures and spacings have been |

chosen to ensure that the detector can see only the black

body itself; not the cold walls of the black body holder-or

:any accidental reflected radiation from the heater. A

satisfactory vacuum seal which tolerates repeated temperature

cyeling was made to the quartz window using a pliable ad-
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hesive ("Goo", Walthers Specialties, Inc.).

Any calibration system with close spacing between
the black body and detector must be carefully constructed
to prevent errors arising from: (1) Unwanted reflection
from the walls of the metal components which allow radiation
to rEacH the detector In excéss of that calculated from the
AQ product. (2) Thermal coupling between the blackbody
and the detector. (3) Insufficiently black =mitter surface,
Themal coupling has been eliminated In this system by
keeping the black body in vacuum and the detector in an
exchange gas coupled to thg bath, .Elimination of unwanted

reflection is somewhat more difficult to achieve but is

believed to be small after painting all potentially reflecting

surfaces with two or more coats of 3M black paint. (1)
and (3) are partially self-compensating since the same coating

muserials are used on all surfaces.

. Dewar Mounted Chopped.Black Body System

Chopped black body systems are superior calibration
sources since the output signal-to-noise ratio is a direct
indication of the detector sensitivity.  The chopped bliack-
body calibratlon device described here was 1n1t1ally desig—'

ned by K. Grossmann but has ‘been slightly modlfled ‘The

V-detéctor is soldered to a copper mounting post which is

" held in close contact with the copper bottom of a labofatory

heliumdewar, see Fig. 4. Ah integrating cavity fits over

the detettor mounting post. Proviéion is made for flooding‘

T R ey e e e
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the detector compartment with helium gas for improving the
thermal coupling to the dewar bottom but this provision has
not yet been used, A black body is mounted on a thin

walled stain}ess steel tube with the usual heater and carbon

resistance thermometer. The entire black body, chopper, and

‘detector space is covered by a copper shield bolted to the

dewar bottom and therefore cooled to near 4,2°K. Extensive
baffling is possible with this system to minimize unwanted
reflection, It is also possible to'provide glass wool
absorbing material in the detector compartment and between
the baffles (out of the cptical path) to further minimize

stray radiation. Baffling surfaces are primed, flocked, and

Ssprayed with several layers of black paint, A grystal quartz

window cooled to near %.2°K is used to isolate the detector

bompartment from the vacuum space. Optical detalls are given

in Fig. 5. Aperture areas and spacings for both systems

are given in Tablu 2.

TABLE 2
5 5 _ Geometrical AQ
,-System Adet(cm_) Abb(cm ) d (cm) (cmester.)
Dipstick 3.3 x 1072 3.3 x 107° 3.6 8.6 x 107"
Dewar 3.3 x 1072 9.4 x 1072 13.3. 1.8 x 10"6

2

due to extraneous reflected radiation.

. *The dipstick system has an effective AQ of 2.1 x,lo'ucm cter,
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Two types of preamplifier have been used during the
course of this work., The device with the lowest noise is
a Siliconix G-118 MOSFET connected as a source follower and
operated at §.2%K. A slightly noisier, but surprisingly
good, device is the Burr-Brown 3523J operational amplifier
which oﬁerates at.or near room temperature. The Burr-Brown
amplifier cannot be ldeal since it must be located on a warm
surface, However, 1f the capacitance between the detector
lead and ground ls kept to a minimum the resulting noise can-
he adequately small if the detector contacts are quiet at
high bilas.

The widely used cold;source follower-warm operational
amplifier system was tested in several confilgurations.
- Bach configuration forced compromises on the FET operating
conditions or on the detector bias in order to ensure stable
opéraﬁion. These compromises resulted in no iwmprovement
in preamplifier noise over tie more simple systems(gLQL the
G-118 source follower at 20 Hz. or the Burr-Brown 3523J as
transimpedance amplifier at 160 Hz.). See Fig., 6,

.Comparison of noise from a Siliconix G-118 FET and
that from a Burr-Brown 3523J at 20 and 160 Hz, respectively,
indicaﬁes that detector noise dominates fqr electr}c fields
greater than about 1.5 V/cm with the G-118 and‘about 2.5
: V/cﬁ with the 3523J. Of course, these bias fields will be
reduced if the quality of the contacts to the sample is
poor. Noise vs, blas for the two types of preamp is plotted

in Fig. 7.' From this plot it appears that the operational

T N S T R I TN IRAT G T T T vy
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amplifier used at 160 Hz 1 quite adequate for blas fields
of 2.5 V7em or greater. Signal measurements indicate that
the 3523J 1s bheginning to saturate at the highest bias field

so the absclute value of the noise at the destector is correc-

_ted for saturation and is accurately given in Fig, 7. A

.discussion of this correction will be glven in the results

of Section V.

Calculation of Effective Black Body Photon Flux

The effective black body photon flux was calculated
by two different methods. The more accurate technique is
to take the product of the relative detector sensitivity

and the black body power in a small wavelength interval and

sum over all possible intervals. Tliis, of course, requires.

that the spectrsl sensitivity be measured. This has been
done on a number of detectors .n varying types of integra-
ting chambers with varying results. Itv 1s difficult to guess
the shape of the spectral response curve for detector A in

system B based on the measured response of detector C in

“gystem D, That approach was used to calculate the lower

limit (most optimistic) value for achieved NEP. The second
method, which is used to calculate the upper limit (most

pessimistic) NEP value, is to use as the thruput all the

. black body. radiation in the 50 to 130 micron region, Thisg

interval corresponds to the region between the wavelength
at which the cold crystal quartz window opens and the wave-
length at which the detector response falls to near zero.

Results using the two methods differ by a factor of less

-
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than two.

In carrying out the more optimistic calculation the
“spectral respohnse given in reference 1 has been used, It
is based on measurements on a detector and intégrating cavity
similar to those used, in the tests made under this contract. |
_ ‘This spéctral response curve was multiplied by the black
body power using a programmable desk top calculator. Calcu-
laitions were carried out for each 5 micron spectral interval
from 30 microns to 130 microns, and at each black body
temperature used in the experiments. The results reported
in Section V indicate that either method can give good
agreément with expectation; based on what is known about the

material choracteristics. ORIGINAL PAGE IS
. _ OF POOR QUALITY
Electrical Contacts to Detectors

As pointed out in Section 1T, it is desirable to use
glectrical contacts which provide abrupt changes in impurity
concentration between the sensitive region and the contact
region. This was accomplished with grown boron single crys-
¥al contact regions as discussedlby Moors and Shenkerl.
Electfical contact to the heavily doped boron region was
made both by soldering with In:Ga alloy and by heating pure

In to SOOOCVfor 1 houxr. The second method gives more repro-

' duceable results. These contacts appear to be nearly ideal

for large samples such as thoseused in these tests. The

giowth procedures are not easily used with the émaller detec~
tors which woulh be r9quiréd for closely spaced arrays or

if NEP's less than 1 x 10-15 watts Hz"l/2 ére required. For '

s .
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these conditions new contacting procedures may have to be

developed.

Integrating Cavity Design

Equation 2 above gives the achievablﬁ NEP for a therm. '
g-r ﬁoiSe limited device. This condition is not commonly
encountered in infrared detector research but is, in fact,
a limiting factor for Ge:Ga cooled by liquid helium at 4.2°K.
This will be discussed in Secticn V. When thermal g-r noise_
dominates, the NEP is proportional to 1/n and 1 must therefore
be kept as large as possible. An integrating cavity is a
simple approach to satisfying this requirement. Typical
cavities used in these measurements were right eircular
Eylinders, closed at one end by the det=ctor mounting post
and at the other by a plate with a smali hole to pass the
detector bias lead. A small aperture in the side of the
cylinder admits a calculable amount of signal power. This
aperture is smaller than the detector and would allow the
detector to be non—uniformly-illuﬁinated if the cavity were
not inelined 45° to the light path. This inclination also
improvés the efficiency of the cavity resulting in quantum

efficiencies perhaps as high as 1.0.

- V. RESULTS
Before presenting the results of the detector measure-
ments it will be useful to'presént some measurements of

material'properties which are important in determining the
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characteristics of detectors. The detector measurements will
then be presented and will be shown to bhe consistent with
che material characteristics, Material characteristics of
primary importance are free carrier lifetime, breakdown
electric fleld, carrier mobility, and thermal carrier genera-
‘tion rate. These characteristics determine the responsivity,
thermal generatlon-recombination noise, and Johnson noise.
Free carrier lifetimes have been measured by Mocre
and Shenkerl for Ge:Ga of the same qualibty as that used in
_these tests., These results have been replotted on semi-
logarithmic paper to show Fhat the 1ifetime is an expongn-
tial function of bias electric field over the range of inter-
.est for detector operation, This data is given in iig. B.
Also shown on this figure is a measurement, using the Hall
effect, of carrier concentration as a function of bias field
on material from the same ingot. It is clear that the car-
tler concentration is changing with the carrier lifetime as
expected., Lifetimes could not be measured for values of T
less than about 1 x 1077 sec so t values less than that value
were determinéd by extrapolation using the Hall effect and
sample conductivity measurements, '
The resistivity vs. electric field of several detec-
tors with varying background infrared illﬁmirafion has been
" determined. Some of this data is plotted in .Mig. 9. All

curves it a relationship of the form

P = pe " (8)

e T e T AU
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with a values ranging from 0,89 to 1,36 cm volt™t, Slight
changes in a due to varyilng the bvackground phinton flux have
been ovserved but the greatest changes cccur after the heat
treatment used to improve the indium-to-boron-doped germaniwn
contact region. A1 samples which have heat treated con-

- tacts have a velues less than 1 whereas the two samples
measured without heat treatment have a values ;reater than 1,
One sample measured using a 4-point technique and simple
soldered contacts also has o slightly less than 1. It can
be concluded that a small decresse in contact resistance
with increasing bias is responsible for the larger a values
measured‘on samples wlthout heat-treated contacts. Some
error in a also occurs dus to uncertainty in the measure-
ment of detector length, The grown boron-doped germanium
regions cannot be made in a way that provides contact regions
precisely perpendicular tu the current path. Each detector's

. length; therefore, varies scross its width. This ¢rror is
of the order of *+ 5% and results in a * 5% error in a, The

observed values of o are summarized in Table 3,

- ' TABLE 3
' Background
Sample a photon flux
(em/volt) (photons/sec.) History
Ge:Ga 412 D 0.89 ~ 2.4 x 1018 Contacts annealed
_, - 500°C, 1 Hr.
Ge:Ga 412 D 0.95 ~ U, 6 x 1016 Conkacts annealed
- 500°c, 1 Hr.
Ge:Ga 412 D 0.95 : k-point I-V meas. _
Ge:Ga 412 - f1.%6 <€ 1L X 1012 New contacts, not annealed
Ge:Ga T-56BF-1 1.07 < L x 1012 New contacts, not annealed

‘Ge:Ga 7-56BF-2  0.91 << 1 x 1002  Coniacts annealed
| 500°C, 1 Hr.

Jp—
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If' the large a values are attributed to contact effects,
a8 discussed above, the true value must be of the order of |
0.95, That i3, the lifetime varies as

H(E) = t(o0) &2*70F (9)

in the bias region above 1 V/cm.
The exponenﬁial dependence of conductance on bias is

seen in the dipstick detector measurements of conductance

as a function of black body emisslion. A typical dipstick

run is reproduced in lig. 10. Since the dipstick had tighter

physical dimensions than the dewar system it was more suscep-

tible to =tray reflected  radiation above that calculated

from tne geometrical etendue, Fig. l0has been corrected for

fhis effect by requiring the change in conductance ﬁer watt

of incident power to agree with fhat measured in the more

precise dewar system. The effective etendue for the dipstick

system which 1s required to give agreement is 2.1 x,lobucmester.
) A; a check on the effect of direct heating of the detector a

run was made with glass wool absorbing material above the

sgﬁple. -The results of this check are also shown in Fig. 10,

it is.clear that-direct heating is negligible.

Noige data has already been “resented for the dip-

stick system using a G-118 FET source follower -4in Fig, 7.
'The conductance versus black body power data and the noise
"data allow an approximéte NEP to be determined._-This NEP

is plotted in Fig. il. Since this data was taken at 20 Hz

and is for a detector without annealed contacts, it does not

represent optimum results., It does, however, give an indica- '

ORIGINAL PAGE IS
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tion of the kind of results achlevable with the quick turn-
around dipstick system, Improvements in the dipstick system
are possible so it is not necessarily a limit to the system
performance capabilities,
| A particularly useful technique for determining the

. bompensafion ratio and the carrier concentration at the
operating condition is the temperature dependence of the Hall
effect. Such data was taken several years ago on sample
Ge:Gﬁ 412~ and is reproduced here in Figs. 12(a) and 12(b).
Light leaks in the system prevented reduction of the carrier"
concentration beloﬁ about 1 x lOlL em™ and distort the curve
near 4.2°K. However, the activation energy determined from
this curve is quite accurate so the linear part can be |
extrapolated to determine the carrier concentfation for an
ideally dark system, Extrapolation to temperatures lower
than 4.2K can be made with good.éccuracy but should be

_ qualified with the caution that the point at which impurity

- banding or hopping conductivity begins to contribute signifi-
cant conductivity is unknown.
+° 7 With these dc¢ results as background we can now continue

to a discussion cof measurements made in the chopped black

_body aystem., Detector dc conductance and signal at 160 Hz

are plotted in Fig. 13 as a function of bias electric field.
" The dc conductance increases for all flelds whereas the ac
signal saturates at the largest bias. This saturation is

attributed to Sdturation of the Burr—Brown 2525d operatixnal

ORIGINAL PAGE IS
OF POOR QU
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amplifier as lbks de output approaches its maximum value.
This polnt at which the de output reaches the maximum value
ulvén by the manufacturer is Indlcated in tlg, 13 and is
conglstent with the assumption that the slgnal output satu-

rates at that blas. This effect does not change the signal-

to-noise ratio but does change the apparent signal output

per watt of inpul power. %Yhe correction is shown by a dashed
line running parallel to the de data. ‘The noilse for this

system has already been glven in Fig. 7.
FEs)

[

The ratio ol thoe mms noise-per—nzlf to the rms signal
per rmas watt of effectlve black body power is the NEU'. ‘'This
s plotted In IMig, 14} a=s alfunction of blas. This figure lLs
blotted for the most optimistic conditions and reaches a

A

mindmum at NEPA = 01,8 x ILJ"J"j waltls Hz‘l'ﬁ ror A = 100 niicrons.
The consistoncy of measuramenty of conductivity, sipgnal, and
nolse require that the quanbwe efCiclency, 1, at N = 100 um

be 1.0 (1 =& .50 a Thim) with the optimiskic assumptions,

A eareful anslysis of the measurements of de conductivity
(assumed to be due Lo themmel carrier generation), ac signal
and noise has been carvvied out, Since the de conductance is
dua to thermal poneration it cﬁ.n be written asn

wi

Gy = S, ek | N (10)

This Hg. ils solved for SotWt£ {the total thermal generatibn
rate) to ba used In the NEP Bguation (Bq.2). Then

3
¢ & 1/2
wep(arr) = p b (et v

TR EICE R (1)

W)

The quantilty niped can be calculated from the signal if



the effective signal power is known,
The voltage responsivity, mv, is given by Eq. 6
above, Other responsivitiess can be defined to remove known
dependences on bias potential and on load or feedback resistor.
If the preamplifier is a current-sensltive operational
'(transiﬁpedance).amplifier then the voltage responsivity is
{AVsigy | <aasig>rms

= Ya qaPsip P (12)

The current fesponsivity, RI’ is

R, - {AGY i
. Vo 7 TS

rme
A third responsiﬁity, to be called the conductance responsivity,

.denoted RG, is defined by

N\
® - <AG’rms _ Gv _ (14)
2 J; N
G Al'rms VdRF

This responsivity depends on detector parameters and photon
energy but not on the bias conditions except insofar as the
bias conditions alter the detecter parameters [e.g. T(E)].

In terms of detector parameters:

- —  Nted . _ -
R, = —= . (153 -
@ hy £°

Solving for nTeu£"2 glves

nfeuﬂ"g = Rghv . | ' (16)
Then '/ ' /
o | 1/2 ¢ 1/2
NEP(GRT) = 2 ) (=) - . (17)
_ LI RG
_, GE 18 , '
ORIGINAL Pabl |
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G0 and mG are measurecd quantities and the photon energy hv is
known since the power has been expressed ag effective power
al the wavelength of peak response flOO pum). The only }e—
malining unknown variable 1is m which is then adjusted to give‘
agreement between the measured NEP and that calculated from
Eq. 17. .AdJUSting the quantum efflciency forces the caliu-
lated signal and thermal g-r noise to agree with the measured
Signal and noise.' If the resulting 1n does not fall within
the range of reasonable values (0.2 ¢ 1 ¢ 1.0 with an inte---
grating cavity) then the procedure for determining the effec-

tive signal power is questioned. Additionally, the measured

R assumed 1, kiown £ and e provide a calculation of the

e’
Tk product. If 7 is taken from Fig., 8 then W can be calcu-
lafed and compared wlth known values fromHall effect data
on similar samples. The thermal generation rate per unit
volume SO can berdetermined from Eq. 10 and used to deter-
mnine the detector temperature with the aid of Fig. 12(b)
and the approximate impurity concentration.' Results for
the folded spectral response method and for the power inband
tethod of calculating effective signal power are given for
the 3.0 V/em point and T = 1.7 x 1077 sec In Table 4 (following
page).

The prospect for future improvement.is qﬁiﬁé good.
- Since the limit is now due to thermal g-r noise it should
"be quite easy to improVe performance by cooling the detectof

below %.7°K or by reducing its volume. Cooling can be done

with no required changes in the detector but'may require




TSN T T T TR e s R S PO SR TR L AN R R e e e T T e R T R e e

30

amplifier improvements in order that the loﬁer noeise perfor-
mance be realized. A reduction in detector size is also
desirable. This 1s not easily done when grown boron contacts
are used. New contgcting techniques would be very helpful

in making this approach to improvement more realistic.

TABLE %

Characteristics of a Ge:Ga detector with dimensions 1.6 x 1.8 x
6.6mm operated at 3.0V/cm. The hole lifetime is assumed to be

_1'7 x 1071 sec. Folded Spectrum Power inband
NEP (watts Hz Y/ 2) 1.8 x 10710 3,2 x 10712
n {at A = 100 um) ' 1.0 | 0,56
®, (volts watt ™) 5.5 x 107 3.2 x 100
B (ampsVWatt-l) 3.4 | 2.0
Ry (@7 watt™h) 1.9 | 1.1
¥ (cm2 volt™ sec™) 6.0 x 10" 6.2 x 10"
g | 4,6 x 1002 4.8 x 1077
s, (em™? sec™) 5.6 x 107 5.4 x 1072
7 (Kelvins) R R | ~ 4T

ORIGINAL PAGE I8
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FIGURE CAPTIONS

Resistance of boron-doped germanium samples with various
impurity concentrations. All samples had the same
dimensions and infrared background. The effect of bias
is also shown,

Dipstick test system, physical construction,

Dipstick test"system, optical baffling details,

Dewar test system, physical construction,

Dewar test system; optical baffling detaills,

; Source-follower amplifier,

Transimpedance amplifier,

Noise of Ge:Ga detectors in the cold dark with Siliconix
G-118 FET source-follower and Burr-Brown 3523J op-amp
preamplifiers, RL(RF) = 1.6 x 1099.

Carrier concentration from Hall effect and free carrier
lifetime from Réf. 1,

Resistivity of Ge:Ga detectors, Sample Ge:Ga 412D
was measured with two different infrared backgrounds.
All other sampleé had the minimum infrared background
possible in the systems used.

Conductance—biés'characteristic of Ge:Ga in the dipstick
test system for different blackbody temperatures,
Identical measurements with glass wool IR absorbing

" material between the detector and source are.also
ghown, |
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11, NEP in the dipstick system with effective dipstick AQ

and folded spectrum blackbody power,
12,(a) and (b). Hall carrier concentration.
13, Detector conductance and signal in the dewar system,

14, Detector NEP in the chopped system. The more optimistic

signal power calculations have been used,
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