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ABSTRACT

The behavior of lattice defects generated as a result of the neu-
tron-transmutation-doping of germanium was studied as a function of
annealing conditions using deep level transient spectroscopy (DLTS)
and mobility measurements. ODLTS and variable temperature Hall effect
were also used to measure the activation of dopant impurities formed
during the transmutation process. In addition, a semi-automated me-
thod of attaching wires on to small chips of germanium (< 1 mm3) for
the fabrication of infrared detecting bolometers was developed. Fin-
ally, several different types of junction field effect transistors
were tested for noise at room and low temperature (~ 80 K) in order to
find the optimum device available for first stage electronics in the

bolometer signal amplification circuit.
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1. INTRODUCTION

Bolometers belong to a general class of thermal detectors used to
measure infrared radiation. The basic component of all thermal detec-
tors is a sensing element with a bulk physical property which exhibits
a temperature dependence. When radiation is absorbed, the temperature
of the sensor rises and the change in the temperature sensitive prﬁp—
erty and thus radiation is measured. This operation may be contrasted
with a photoconductor, where the signal is generated not by a temper-
ature fluctuation but by discrete carrier excitation and collection
processes. Many different temperature sensitive properties have been
used to monitor radiation: gas pressure, dielectric constant, liguid
volume, pyroelectric effect, etc. The bolometer uses the tempergture
dependence of electrical resistivity as its basis of operation. The
first bolometer was developed by Lange]y1 in 1880 and consisted of a
resistor made of platinum wire. Different metals with higher temper-
ature coefficients of resistance were substituted as the need for more
sensitive polometers for more sophisticated applications became neces-
sary. During World War 1I, Bell Laboratories developed the first
semiconducting bolometer. Because the resistivity of semiconductors
is exponentially dependent on temperature as opposed to the linear
dependence of metals, and because of the wealth of knowledge and
processing expertise brought about by the solid state electronics
revolution, semiconductors gquickly replaced metals as the optimum bol-
ometer material. Today bglometers are used at room temperature as
burglar and fire alarms and at cryogenic temperaturrs in IR astronomy
and spectroscopy experiments. For example, cryogenically cooled semi-

conducting bolometers are currently being used to measure the dif fuse
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Figure 1. Bolometer electrical circuit.

background radiation of>the universe believed to be a remnant of the
Big Bang.2 In contrast to bolometers, photoconductors are used with
excellent results to study select portions of the infrared spectrum.
But since the signal from a photoconductor originates from direct car-
rier excitations fram specific energy levels in the bandgap rather
than by a bulk physical property (as in the case of bolometers), thein
response starts abruptly at a given wavelength and extends over a rel-
atively limited frequency range. The longest wavelengths {~ 200 um)
have been detected using stressed gallium doped germanium photocon-
ductors. Bolometers, which detect all the absorbed power are inher-
ently broad band going to long wavelengths (< 1000 wm). Using bolo-
meters, researchers have discovered the spectrum of the cosmic back-
ground radiation to closely resemble that of a 3 K black body.

The electrical circuit for a bolometer is shown in figure 1. Ir

the dark, a constant current through the detector causes a measurabla
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Figure 2. Schematic of bolometer thermal eguivalent circuit.

voltage drop across the bolometer resistance. When exposed to radia-
tion, however, the bolometer heats up, causing a change in its
resistance and a change in the voltage drop across the device. This
measured voltage change is the bolometer output signal, Vs‘ Since

the bolometer is a thermal detector it has a thermal circuit analogous
to its electrical circuit. Referring to figure 2, the bolometer is
connected to a heat sink by a thermal link, G (usually the electrical
leads), and in the dark remains at a constant temperature, T, equal to
that of the sink. When pulsed with radiation, the detector's tem-
perature rises by an amount 6. The.dynamics of heat transfer to the
sink and thus the "speerd" of the device are governed by the thermal
time constant, 1= H/G, where H is the bolometer thermal mass. A de-
tailed analysis of bolometer operation is given in the appendix.

The fundamental sensitivity limit of a bolometer is restricted by
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the noise sources inherent to the operation of this type of thermal
detector. The two sources of noise which impose the fundamental de-
tection limit of a bolometer are the Johnson noise associated with
thermally induced random charge motion in the resistive element and
the thermal conductance noise associated with random phonor fluctua-
tions through the thermal link. These two terms are generally des-
cribed in sum as the noise equivalent power (NEP) which is defined as
the incident power required to generaté a voltage output from the de-

vice equal to the noise measured in a 1 Hz bandwidth,
(nep)? = IR 4 k1%
S

where T = temperature, R = bolometer resistan;e, S = bolometer res-
ponsivity, G = thermal ronductance, and k = Boltzmann’s constant.

From this expression it can be easily seen that the fundamental sen-
sitivity of the device may be increased by decreasing the operating
temperature. In addition, lowering the operating temperature lowers
the heat capacity of the device3 thus increasing the responsivity.
These reasons combined with the demand from the astrophysics community
for devices with lower NEP led to ‘the development of cryogenic bol-
ometers. The first cryogenic bolometer design used the strong tempera-
ture dependence of resistivity at the superconducting transition of a
metal film as its basis of operation.4 The problems associated with
operation of this type of bolometer, temperature control within 10'5 K
and poor radiation absorption, led the search for alternate materials
and modes of operation. As a result, the emphasis has shifted to the
use of semiconductors as the resistive elements. The first ligquid

nelium cooled semiconducting bolometer was developed by Lowd iq
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1961, using highly doped and highly compensated germanium. Devel-
opment of germanium bolometers continued with a drive to lower oper-
ating temperatures (0.1 K} and imprbved construction techniques.
Richards and co-workers6 introduced a composite bclometer consisting

of the germanium resistbr soldered to a bismuth-coated sapphire sub-
strate which acts as a radiation absorbing antenna. Recently, inter-
est has been shown in using silicon as an alternative to germanium as
the resistive element. Approaching absolute zero, the heat capacity

of pure silicon is lower than germanium due to its lower Debye temper-
ature.7 At low temperatures, the heat capacity of both silicon and
gemmanium is dominated by lattice vibration; however, the high doping
levels required for low temperature bolometers adds an additional elec-
tronic component to the heat capacity. This electronic component aris-
es from delocalization of impurity electrons or holes when high doping
levels result in substantial wave function over’lap.8 This complex-

ity has led to considerable debate in the detector community as to
which material, silicon or germanium, is the preferred on the basis of
heat capacity. Silicon bolometers have been successfully developed by

10 11

Cham’ng and Kinch. used the planar

In a novel design, Downey
technonogy of the microelectronics industry to construct an integrated,
ion implanted silicon bolometer.

The following sections describe the continuing development of
neutron-transmutation-doped germanium for low temperature bolometers,
as well as low noise electronics for belometer signal amplification.
Discussed initially is the neutron-transmutation-doping of germanium

ang the results of an annealing study into neutron irradiation induced

defects. Next, a method of soldering electrical leads on to smaltl
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germanium chibs (0.5 x 9.5 x 0.3 mm3) for the fabrication of bel-
ometers is presentad. Finally, the requirements of a low noise ampli-
fication cystem, including the room ‘and low temperature noise testing
of junction field effect transistors for first stage bolometer elec-

tronics are discussed.
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11, NEUTRON-?RANSHUTATION-DOPINH AND DEFECT ANNEALING OF GERMANIUM

A. Neutﬁon—Transmuta*ion—Doping of Germanium.

The requirement that the material used for bolometers has a re-
sistivity that is a strong function of temperature makes doped, single
crystal semiconductors the most widely used material. Traditionally,
this material is fabricated by adding dopant impurities to the melt
prior to Czochralski crystal growth. The incorporation of dopants in
this manner preseris some fundamental problems when applied to optim-
izing the material for holometers.

The distribution of impurities in the Czochralsk. crystal is de-
fined by the effective.segregation coefficient and the impurity con-
centration in the melt. Ip general, impurity atoms nave 2 higher con-
centration in the 1iquid phase that in the adjacent solid; therefore,
as the crystal is oulled, impurity atoms are continually rejected into
the melt, leading to a positive compositional gradient from heaa to
tail of the crystal. A well known exception t¢ this rule is boron in
germanium with a segregation ccefficient less than one. Superimposec
on this macroscopic segregation are local compositional fluctuations
resulting from the dynamics of crystal growth. Oscillaiions in growth
rate, non-plarar solidification front, and convective stirring of the
meli all lead to longitudinal and radial inhomogeneities on the micron
to millimeter sca'le.12

The .lectrical conduction mechanism at low temperatures (< 10 K)
which defines the brlometer resistance is a strong function of both
the net dopant concentration (;NA - ND]) and the compensation ra-
tio of minority to majority dopants (NAIND for an n-type semicon-

ductor). In the case of an n-type semiconductor, at these low



temperatures; very few electrons are promoted to the conduction band
and thus are able to carry curvent. Instead, conduction)is accom-
plished amongst impurities by thé;iunne]ing of electrons from an oc-
cupied donor -to a donor which has been left unoccupied due to compen-
sation, as shown in figure 3. .Since the tunneling probability i3 ex-
ponentially dependent on the’distance between occupied and unoccupied
sites, it follows that the macroscopic conduct ivity is greatly depen-
dent on the concentration of majority dopants as well as the compensa-
tion.13 It is precisely for this reason that melt doped semicon-
ductors with their inherent dopant inhomogeneities, make it extremely
difficult -and time consuming to select.a crystal section posséssing
the correct doping condition leading to an optimum bolometer resis—
tance for a particular application. . As mentioned previously, one al-

11

ternative to melt doping has been proposed by Downey = in the form

of an jon implanted Si:As

DL 836-10207

Figure 3. Hopping conduction in an n-type semiconductor.



TABLE I. -NTD REACTIONS FOR GERMANIUM.

Isotope Crgss t
Fraction Reaction Segt1on (b) 1/2
20.5 De(n,y) Jhoe » J26a + & 3.25 11.2d
27.4 T25e(n,y) JJse 1.0 stable
7.8 Tse(n,y) 136 15.0 stable
36.5 Tace(n,y) 136e > JoAs + 8 " 0.52 82.8m
7.8 Tose(n,y) Jl6e » J2as + 87> Jse + 6~ 0.15 11.3d

monolithic bolometer. Although this method of fers the convenience in
processing provided by the well developed planar 1C technology, the
yield of useful devices is less than 20% due to resistivity inhomogen-
eities of bolometers implanted with identical schedules. Clearly a
reliable and reproducible method of producing a quantity of material
which will yield a large number of identical bolometers is needed.

A solution to this problem of dopant and resistivity inhomagenei-
ty can be found in neutron-transmutation-doping (NTD). NID silicon
has been used commercially for about one decade in high voltage recti-
fiers and thyristors where uniform dopant distributions are essential

14 Similarly, this well estab-

for smooth breakdown characteristics.
lished neutron irradiation technology may be applied to germanium for
use as low temperature bolometer material. When germanium is exposed
to a filux of thermal neutrons (E ~ 25 meV¥), the five naturally oc-
curring isotopes partake in capture and decay reactions as shown in

70

Table I. The isotopes of interest are '“Ge, 74Ge, and 7EGe since

their decay yields gallium, arsenic, and selenium — all of which are
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electrically active impurities in substitutional positions in the
germanium lattice. The gallium acceptors are produced in excess of
the sum of the arsenic donors and selenium double donors in a constant

compensation ratio:

NAs * 2NSe

= 0,322
NGa

K=
defined by the relative abundance and capture cross-section of their
parent isotopes. Most importantly, since the parent isotopes are
distributed uniformly, in a random fashion throughout the crystal, the
resulting impurities are also uniformly distributed. Since the number
of dopants formed is simply the product of isotopic concentration,
heutron capture cross-section, and neutron fluence, the net dopant
concentration may be controlled over a wide range by varying the total
neutron dose. Thus, the two most critical parameters influencing low
temperature conduction in bolometers -~ impurity concentration and
compensation — are entirely controllable and uniform throughout the
material.

The capture cross-section, when multiplied by the isotopic con-
centration defines the probability cf neutron capture and thus the
eventual number of impurity atoms produced. In general, the capture
cross-section, 6., 1s related to the energy of the incident neutron
by

o, ~ £
for neutron energies up to -~ 104 eV. Not all the germanium
jisotopes of importance follow this dependence accurately which makes

it difficult to directly compare or predict results gbtained in



-11-

TIK
50 25 10 5 4 a X
107, T T T T T 2.5
10 ]
2x10'* NTD
10°%- 1
ax10'>NTD
104+ E
<10 NTD
2 103+ E
s x10'*NTD
[
>
E 102 4
2 2x10"NTD
&
10'F -
5x10*NTD
100 . =
1°-l =
lo.: - L H 1 1 H 1 L I3 L 1 ]
0 40 80 120 160 200 240 280 320 360 400 440 480

1000/T (K) ¥ew 632-6260
Figure 4. Low temperature resistivity of NTD germanium with
Ga concentrations of 2 x 1015 - 5 x 1016 em.-3,
different reactors. For further improvement of this situation, work
in regard to accurate determination of ac(E) is needed, though this

should be considered as a secondary effect.
15

As a portion of previous thesis work, six slices of ultra-high
purity germanium (|NA - ND] < 1011 an3) were irradiated with neutrons
to gallium concentrations of 2 x 1015 to 5 x 1016 cm‘3.The resistivity
of these samples was measured to low temperatures (0.3 K) and found to
follow the following empirical relationship in the low temperature re-
gime (T < 8 K):

o = poexp(AlT)
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where p = resistivity, oy = exponential prefactor, T = temperature,
and &4 = exponential argument related to the temperature coefficient of
resistance. As can be seen from figure 4, the resistivity in the low
temperature "hopping"” conduction regime described previously is ex-—
tremely sensitive to majority dopant concentration. An increase in
gallium concentration of slightly ﬁore than an order of magnitude re~
sults in a decrease in resistivity of almost 6 orders of magnitude.

B. Defect Generation in NTD Semiconductors.

It is well known that the NTD ‘process generates structural damage
within the semiconductor single crystai. There are two main sources
of this damage. The foremost cause is direct knock-on displacement of
atoms by high energy fast neutrons which do not contribute in the
transmutation reaction, but inevitably accompany the thermal neutron
flux. The second major cause is due to atom recoil upon thermal neu-
tron capture or particie emmission during transmutation. Although no
information is available as to the nature of this damage in germanium,
guite a bit of work has been done involving NTD silicon. A model pro-

16 describes defect areas existing as high density

posed by Stein
clusters at the endpoint and along the path traversed by the fast neu-
tron or.recoiling atom. Electron paramagrztic resonance studies have

revealed complicated point defects including muiti-vacancy and inter-

stitial clusters, as well as vacancy or interstital-impurity (primari-
1y oxygen and phosphorus) complexes.17 In most cases, the density

of these defects tends to be almost two orders of magnitude lower than
that calculated. Results of Raman spectroscopy have shown that the

majority of the displacement energy appears to be dissipated by creat-

ing highly disordered, perhaps amorphous material which do not appear



as point defects.17

The presence of the structural damaée resulting from NTD has been
proven to be detrimental to the electrical properties of the irradiat-
ed material. Decreases in carrier mob%lity and minority carrier life-
time, as well as the generatiaon of deep levels in the bandgap which
act as free carrier traps, have all been substantiated through a vari-

17 1n addition, dop-

ety of electrical measurements in NTD silicen.
ant impurities formed during transmutation will tend not to be located
in their usual electrically active substitutional positions, although
they may contribute a carrier as a result of a shallow level formed in
conjunction with a point defect. Thermal annealing is the most com-
monly used method for repairing neutron damage and activating dop-
ants. "Again, many studies have -been made with regard to NTD silicon.
It is generally agreea upon that annealing at 750°C for 30 minutes is
sufficient to remove virtually all detectable neutron radiation damage
in silicon and restore carrier concentration and mobility to predicted
values.18 Minority carrier lifetime is the only electrical para~
meter which does not exhibit full recovery, remaining lowered at even
higher annealing temperatures.

To our kiowledge, only one study involving the annealing behav®or
of NTD germanium is known tQ have been conducted. Kuriyama and co-

19

workers™® irradiated n-type (ND = 5,9 x 1013 cm'3) germanium

with a neutron dose of 1.8 x 1015 cm"2 and performed a series of
isochronal anneals for thirty minutes at 100°C increments from 100 -
600°C. Room temperature Hall effect measurements showed radiation

damage resulting in a number of shallow acceptors ten times in excess

of the calculated net acceptor concentration. Thermal annealing at
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increasing temperatures decreased the carrier concentration toward the
calculated value and increased the free carrier mobility. Rutherford
backscattering channeling experiments confirmed the existance and
recovery of neutron damage in annealed material when compared with
non-irradiated starting material. No detail, however, was given con-
cerning the behavior of specific defects under different annealing
conditions. Therefore, it is aim of this portion of the thesis to
present results which spectroscopically distinguish electrically ac-
tive point defects and confirm their annihilation during thermal and
recombination enhanced annealing.

C. Deep Level Transient Spectroscopy.

The most effective technique used to identify the presence of
deep levels in semiconductors is deep level transient spectroscopy
{DLTS).20 In DLTS, a diode fabricated out of the material of inter-
est is reverse biased. The bias is periodically reduced to allow fil-
1ing of shaliow and deep levels in the depletion region with majority
carriers. When the bias is returned to its guiescent value, the car-
riers are emitted from the filled levels at a rate that is a strong
function of temperature and energy of the level. This filling and
emptying process, as a function of diode voltage, is shown in figure 5
for an n+-p junction. In this case, holes are the majority carriers
which are alternately captured and emitted from shallow acceptors and

deep hole traps in the depletion region. The emission rate of a car-

rier from a level can be expressed in the following manner:20
aN<v>
e = 3 xp(-ET/kT)
e = emmission rate of carrier from the deep level to the nearest

band
¢ = deep level free carrier capture cross-section
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Figure 5. (a) Time dependence of bias and of capacitance of a
partially depleted p-n semiconductor junction in a Deep
Level Transient spectrometer. (b) Change cf the deple-
tion layer and the charge state of shallow (circles)
and deep (squares) acceptors in a p-i-n device.

N = density of states in the valence or conducticn band

{v> = carrier average thermal velocity

g = degeneracy of level (usually taken to equal 2)

ET = trap energy level measured from the appropriate bandedge
k = Boltzmann's constant

T = temperature

This expression may be simplified by consolidating the first few terms

and considering their temperature dependences:

e = ATzexp(—ET/kT)

An experimental temperature range is chosen so that the emission from
shallow levels is almost instantaneous, while the emission from deep
levels is accomplished with a measurable time constant, T = 1/e. The

emission transient may be detected by measuring the time dependent
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Figure 6. Block diagram of simple Deep Levei Transient
Spectrometer.
capacitance of the diode during pulsing and is shown in the period 3
to 4 in figure 5. The capacitance transient may be processed in a

21 was used in this

variety of ways. A technique developed by Miller
experiment., The output signal of a 1 MHz capacitance bridge placed
across the diode is multiplied by an exponentially decaying reference
waveform of chosen time constant, then integrated using the Milier
corralator as shown in figure 6. When the time constants of the capa-
citance bridge and reference waveform are equal, the autput of the
correlator reaches a maximum. This matching of time constants will
occur at a specific temperature depending on trap energy as indicated
in the above eguation. Pulsing is performed over a wide temperature
range so traps of all energies will have an emission rate at some tem-
perature corresponding to the reference signal. Traps will appear as
Tocal maxima (peaks) in the plot of correlator output versus tempera-
ture. This plot is the DLTS spectrum. Minority carrier traps may

also be detected by pulsing into forward bias or by creating minority
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carriers using bahdedge light. The resulting correlator output ap-
pears as local minima when emission and reference time canstants are
equal.

Changing the time constant of the reference waveform will corres—
pondingly change the temperature at which it equals the emission time
constant, and thus displaces the waxima of the correlator ohtput with
respect to temperature. If a number of spectra are run with different

2 versus 1/T (where T is the

time constants, an Arrhenius plot of tT
temperature of the DLTS peak} will yield a slope corresponding to the
deep level activation energy and a y-interceét related to the capture
cross-section of the level. DLTS may also be used to determine the
acceptor/donor nature of the trap by observation of the Poole~Frenkel
effect. The high electric field across thé p-n junction (104 -
105 V/cm) lowers the coulombic binding energy betwe:: a bound hole
and its acceptor ion (p-type) or a bound electron ana its donor ion
(n—type).zz Thus, the emission rate of a carrier given in the pre-
vious egquation may be modified to include this field enhanced effect,
2 -Ep vk
e=ATexp—~—ﬂ—

where aE is the barrier reduction given by, ,

Y
- 4)

= 1.9 x 10'4qE% eV for germanium

where q = electronic charge, ¢ = dielectric constant of germanium, and
E = average electric field, By varying the magnitude of the pulse
reductions, the average electric field acrcss the diode and the cor-

responding carrier emission rate will change. This causes a



measurable shift in the DLTS peak with respect to temperature. For
defects which exhibit the Poole-Frenkel effect, an Arrhenius plot of
ET - AE versus l-:l5 will produce a slope equal to 1.9 x 10'4q eV/(V/cm)%,
the Poole-Frenkel constant for germanium. Majority carrier traps ex-
hibiting this behavior may be determined to be acceptors in p-type
semiconductors or donors in n-type semiconductors.

D. Recombination Enhanced Annealing of Deep Levels.

Thermal annealing has been the traditional method of annealing
radiation and ion implantation damage in semiconductors. The activa-
tion energy necessary to repair structural damage is met by heating
the crystal to a sufficiently high temperature at which the material
is held for a time sufficient to anniﬁilate the defects present. Mo-
tivated by possible contamination of the material by impurities in the
furnace and undesirable migration of impurities in diffused or im-
planted areas, there has recently been an effort to find alternatives
to high temperéture——long duration thermal annealing. Laser, flash
lamp, and graphite strip heater annealing of extremely short duration
have all been developed to confine a high temperature cycle to the
outer surface.

In the experiment to be described, recombination enhanced anneal-
ing (sometimes called injection annealing) has been used alone or in
conjuction with low temperature thermal annealing. Recombination en-
hanced annealing uses the energy released upon electron-hole recombin-
ation to anneal defects present in the crystal. In a forward biased-
diode, electrons injected into the p-type region recombine with holes

at a distance within the diffusion length from the junction. Often
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this recombination occurs at a defect acting as deép trap. In this
case, the recombination energy Ec - ET is transfered to the lat-

tice at the defect site and annealing is accomplished on a highly lo-
calized level. If the annealing rates of thermally anpealed and in-
Jjection annealed material are compared as a function of temperature,
the activation energy for thermal annealing is closely correlated to
the sum of the activation energy for injection annealing plus the re-
combination energy. Recombination enhanced annealing has been used in
repairing radiation damage in GaAs and GaP,23’24 and has recently

been observed in electron and y-irradiated Ge.25’26

E. Experimental Work.

Ultra-high purity germanium grown at the crystal growth facility
at the Lawrence Berkeley Laboratory was used as starting material for
neutron-transmutation-doping. This material is ideally suited for NTD
since the concentration of residual, electrically active impurities is
10 _1011 ¢

extremely lowA(lo m'3) compared to the resulting doping

levels. Neutral impurities, carbon, oxygen, hydrogen, and silicon,
are also present in amounts up to 1014 cm'3. Only silicon par-

takes in a neutron transmutation reaction, yielding one phosphorus
gil

atom for every 1 gallium atoms produced. One 4 cm diameter, 5 mm

thick slice of ultra-high purity yermanium was irradiated with a neu-
tron dose of 1 x lD17 cm'2 at the University of Missouri Research
Reactor.27 After storage for eight months at room temperature, the
material was sawed into 5 x § x 3 mm3 samples and etched in the
standard 3:1 (HND3:HF) solution. Isochronal thermal annealing at
300, 400, and 500°C for one hour was performed in a quartz tube under

flowing argon gas. Isothermal thermal annealing at 400°C for 0.25,
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0.5, 1, 2, 4, arid 6 hours was also performed urder the same furnace
conditicns. ‘After annealing, the 77 K Hall mobility of each sample
was measured using the Van der Pauw method.28 These same samples

were next prepared for DLTS by diffusing an n+ lithium contact

(5 minutes at 280°C) on to one 5 x 5 nn? face to form a diode, and
rubbing InGa eutectic on the opposite face to form a p+ ohmic

contact. DOLTS was conducted using the experimental set-up described
in the introduction and shown in figure 6. Several annealed and unan-
nealed diodes were forward biased over a range of currents and temper-
atures in the DLTS system to study the occurrence of recombination en-
hanced anneali:ig. In addition, variable temperature Hall effect was
performed down to 10 K on an unannealed sample using a continuéus flow
1igquid helium éryostat to study the activation of dopants.

F. Discussion of Results. »

Figure 7 shows several DLTS spectra taken under a variety of
thermal annealing conditions. The lack of prominent hole traps in the
unannealed sample spectrum is a result of highly disordered regions
within the crystal. This result agrees with information presented
earlier concerning NTD silicon. Most of the displacement energy has
been dissipated in forming large cluster defects which are not detect-
able using DLTS. Annealing at 300°C for one hour is sufficient to
rapair these regions, leaving several hole traps clearly visible as
pe2s on the given spectra. The activation energies of the hole traps
v :re determined from the Arrhenius plots in figure 8 and are listed
along with their capture cross-sections in Table II. Hole traps
H(0.10), H(0.22), and H{0.37) exhibit the Poole-Frenkel effect and

have thus been determined to be acceptors. As shown in figure 9, the
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Figure 7. OLTS spectra as a function of annealing time and
temperature.
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DLTS spectra for two of the defects displays peak shifting with elec-
tric field as the bias reduction is increased from 1 to 9 voits. From
this peak shifting, the field dependent acfivation energy (ET - aE)

of the traps can be plotted versus the square root of the average
electric field as in figure 10 to yield a slope of 1.8 x 10'4q eV/(V/cm);5
for H(0.37) and 2.0 x 10~%q ev/(v/cm)® for H(0.22). Both values are

in good agreement with the value of 1.9 x 1074 eV/(V/cm)!L§ derived

from the simple model formulated by Frenke'l.29 The activation ener-
gies listed in Table II for levels exhibiting‘Poole-Frenkel shifting

are the extrapolated zero field values.

Defect peak heights are diminished with increasing annezaling tem-
perature and time until complete annihilation of the deep levels,
within the sensitivity of DLTS (-10ll cm'3), is realized by an-
nealing at 400°C for 6 hours. ATthough annealing at 500°C for only
one hour appears to reduce NTD related defects substantially, the sam-
ple becomes contaminated with rapidly diffusing copper. The 500°C
spectrum shows the several well known Cu related deep levels detect-
ed. The suppression of copper contamination of germanium has been
noted by Ha1130 as a result of a pre-anngal soaking of the germanium
crystal in potassium cyanide. Repair of lattice damage is further
confirmed by measurements of 77 K Hall mobility as a function of an-
nealing time at 400°C and shown in figure 11. The substantial in-
crease in hole mobility realized after just 15 minutes at 400°C most
1ikely corresponds to the repair of the highly damaged regions previ-
ously mentioned. Annealing for longer times brings about a saturation
of the mobility to a value of ~7400 V/cmzsec. indicating repair of

crystalline damage is approaching completion.
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TABLE I1.
. Hole Capture 2
Designation Energy (eV) Cross-section (cm®) Comment
H(0.10) E, *0.10 1.7 x 10716 acceptor
H(0.14) E, +0.14 3.4 x 10719
H(0.22) E, + 0.2 3.0 x 1077 acceptor
H(0.27) E, *0.27 10717 est.
H(0.37) E, * 0.37 3.7 x 10'17 acceptor
1000 H(0.37) Hi0.22) H{0.14) H(0.10} .
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Figure 8. Arrhenius plots of hole traps from which cross sections
and energies were determined.



CORRELATOR OUTPUT (ARBITRARY UNITS)

-24-

NTD Ge
4h 400°C ANNEAL
V=10V
Tc=10mS Y
80 100 120 140 160 180 200 220

SAMPLE TEMPERATURE (K)

DLTS spectra of NTD Ge showing Poole-Frenkel defect

peak shifting as the average electric field in the

depletion region is increased.
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Figure 11. Variation of 77 K Hall mobility with anneaiing time

at 400 °C.

Another interesting feature apparent in the 400°C, 6 hour spec-
trum are the negative peaks associated with minority carrier traps
detected during forward biasing pulsing. These peaks correspond to
the two ionization states (EC -~ 0.14 and Ec ~ 0.28 eV) of the deep
selenium double donor generated during neutron-transmutation-doping.
Due to the displacement of recoiling germanium isotopes during neutron
capture and 8 decay, it is generally thought that only a small frac-
tion of-the dopants formed occupy electrically active substitutional
positions in unannealed material. From OLTS spectra, the relative
selenium concentration as a function of annealing temperature is plot-
ted in figure 12. Complete activation corrésponds to 5.6 x 1013 -3
calculated from the neutron fluence and isotope cross-section. ‘This

result shows the success of thermal annealing in activating dopant
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Figure 12. Variation of relative Se concentration with annealing
’ temperature and time.
impurities, as well as in repairing lattice damage.

As mentioned, it has been assumed that few of the gallium, arse-
nic, and selenium accupy electrically active substitutional positions
immediately after irradiation. Figure 13 shows a plot of free carrier
concentration as a function of inverse temperzture generated by varia-
ble temperature Hall effect measurements made on an unannealed sam-
ple. The two slopes of the freeze-out curve represent the full
(11 meV) and half (5.5 meV) activation energies of shallow acceptors,
such as gallium, in germanium. The change in siope carresponds to the
presence of compensating arsenic and selenium donors created by NTD.
The concentration of compensating donors can be estimated by the half
siope to full siope transition point and is equal to 5 x 1014 cm'3.

Comparing this value to the calculated value of "A; + 2Nge equal to
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, it is interesting to note that approximately one
half of the donors have been activated without thermal annealing. It
is not known whether this activaticn is realized immediately after
irradiation or as a result of room temperature storage for 8 months,
but the result is noteworthy considering the heavily damaged nature of
the material,

The effects of recombination enhanced annealing on the stability
of defects was also studied. An unannealed sample was treaiad with a
series of 3.0 A/cm2 injections at room temperature. A DLTS spectrum
was taken after each treatment to ~hart the progress of defect an-

nealing. These spectra are shown in figure 14. As was noted in the
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Figure 14, DLTS spectra showing the recombiﬁation enhanced
annealing of deep levels in unannealed material at
increasing injection times.
thermal annealing study, the unannealed sample provided only one weak
peak due to the dominance of extensive cluster damage. As this damage
is reduced by injection annealing for longer times, two point defect
trapping levels, H(0.27) and H(0.37), become more evident. The low
concentration of hole traps during the initial stages of injection
annealing (< 3 hours) is an artifact of the disordered regions present
in the depleted region. Once there is significant annealira of these
regions, the concentration of hole traps is shown to be reduced by
recombinatics of electrons and holes at defects in the vicinity of the
junction. The effectiveness of recombination enhanced annealing is
further confirmed by the comparison of annealing activation energies

of injection and thermally annealed samples. The DLTS spectra of a
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Figure 15. DLTS spectra from NTD Ge annealed at 3uL"C for one
hour, then subject to an injected current density of
3.3 Afcmé for various periods.
sample thermally annealed ﬁt 300°C for oﬁe hour and then subsequently
injection annealed for several one hour periods at 3.3 A/cm2 is
shown in figure 15. From the change in concentration of the deep lev-
el with injection time, the annealing rate was determined. This pro-
cess was repeated at several different current densities and the an-
nealing rate calculated for each. Using this data, the annealing rate
of the H(0.37) defect was plotted in figure 16, as a function of in-
jection current density, revealing 2.5 A/cm2 as the saturation cur-
rent, Using a current density of 3.0 A/cmz, the annealing rate of
the H(0.37) level was measured at 250, 270, and 290 K. Figure 17 com-
pares the annealing rate as a function of annealing temperature of
these injection annealed samples with samples previously thermally
annealed. The slope of each straight line gives the activation energy
of annealing. The activation energy for the thermally annealed sam-

ples was calculated to be 0.65 eV while that for the injection



-30-

zo-’k —rTrrrrry T
: ]
- H(0.37) LEVEL ]
- 290K 1
s E
- [ ]
@
- 5 ]
=
-«
x
© 1074 -
z C .
-d b -
3 N J
w
z 3 ]
z L
z .
109 IR S W T S I W | n PR R S U A Y
o1 . 1 - 10

" INJECTION CURRENT DENSITY (Acm-2)

Figure 16. Annealing rate of the H(0.37) acceptor level as a
function of ‘injection current density.

T K
103, 800.700 400 300 400 300 2%0
: #(0.37) LEVEL
I Ex®034eV
L INJECTION
ENHANCED
T e Eaz0.058V \\
2 E THERMAL
2 - ANNEAL
e s
P |
= L
<
w
£
§ vt
-§ 14 L A i A L
1o 13 ] 23 3 ) s a5

1000/7 (K)

Figure 17. Comparison of annealing rate of the H(0.37) acceptor
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Figure 18. Energy band diagram showing electron-hole
recombination at a deep trap and the resulting energy
released. .
annealed was 0.34 eV, corresponding to energy }eieased by an electron
during recombination from the conduction band to the EV +0.37 eV
deep level. This recombination is shown in figure 18.

Since the diffusion length of electrons in our material is on the
order of a millimeter, the effectiveness of recombination enhanced
annealing should be confined to within this distance of the junction.
As a further check that the disappearance of the levels was due to
recombination erhanced annealing, ~1.5 mm of material was removed from
an injection annealed sample, and the remaining piece recontacted.
DLTS measurements on the newly contacted sample confirmed the presence
of each of the five deep levels previously detected.

G. Discussion of Defect Models.

The microstructure of the deep levels induced by the NTD process

js unclear, The levels found in NTD germanium are likely to be vacancy
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related, and may indeed be due tc multi-vacancy clusters. It is the
general consensu531’32'33 that in germanium, radiation induced

defects are vacancy related as opposed to interstitial related. In-
terstitials formed during irradiation have high mobility and even at
room temperature can vecombine with the surface, dislocations, and
some vacancies, leaving a large vacancy related defect concentration
behind.34 In contrast, lower mobility vacancies can remain as elec-
trically active multi-vacancy complexes or in conjunction with impuri-
ty atoms. Evidence of impurity-vacancy complexes has been found in °*
room temperature y-irradiated experiments.35 Arsenic-vacancy com-
plexes produce a hole trap at Ev + 0.10 eV which matches our H(0.10)
Tevel measured by DLTS. It is reasonable to assume that one or more

of the remaining levels may be attributed to Qacancy pairings with
gallium and selenium produced as a result of transmutation. The resi-
dual electrically active impurities in the ultra~high purity germanium
starting material (P, Al, B} are present in concentrations of ~1010 cm'3
which is two orders of magnitude below the concentration of defects
measured (~ 1013 cm'3). Thus, complexes of these impurities with
lattice damage cannot be responsible for the levels observed. Also
present in the high purity starting material are the electrically neu-
tral impurities, hydrogen, oxygen, and silicon, in concentration of
approximately 1014 cm'3. In high purity material similar to that
used in this study, fast neutron irradiations at much lower doses
(109 cm'z) produced complexes of these impurities with radiation

36 However, in the more heavily irradiated

induced lattice defects,
NTD material, the transmutation products and lattice damage are ex-

pected to dominate the resultant defect spectrum. Thus, it is not
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surprising that neutral impurity-defect complexes were not observed in

NTD germanium.

In conclusion, deep levels generated in the germanium crystal
during neﬁ;ron—traﬁsmutation—doﬁing are most Tikely associated with
multi-vacancy and transmutation impurity-vecancy complexes. Thermal
annealing prevides the energy necessary for defect dissociation and
trap annihilation., Recombination enhanced annealing at room tempera-
ture is effective by concentratingbthe electron-hole recombination
energy at the defect site, thus altering the lattice configuration at
thé defect and eliminating the deep level, The amount of energy re-
ieased upon recombination at level H(0.37), for example, has been’
shown to be 0.30 eV. Relating the energy to an equivalent temperature
with Boltzmann's constant gives ‘

T ~ E/k = 330C K
Thus the localized deposition of this relatively large amount of ener-
gy (compared to thermal annealing) can be appreciated as an e;%remely

efficient method of annealing defects.
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I11. BOLOMETER FABRICATION !

As mentioned in the introduction, the sensitivity of a bolometer
may be increased by minimizing its thermal mass. Often this require-
ment results in extremely small detectors (a cube with sides < 0.5 mm,
for instance), thus making electrical lead attachment a difficulty.
The lack of hand coordination and steadiness makes it virtually impos-
sible to handls soldering iron, wire (often as thin as 1 mil), and
detector while making a bond which will survive the stresses induced
when cooling to liquid helium temperatures.

It was soon realized that to attach leads to a 0.5 x 0.5 x 0.3 m
germanium chip would require designing a semi-automated process. This
process, beginning with the gérmanium chip preparation, will now be
discussed. A.0.3 mm thick genngnium wafer was initially prepéred by
ion implanting the faces to be contacted to high concentrations of
boron.37 This process yields degenerate p++ contacts on the p-type
germanium, When doped to such high concentratiohs (- 1020 cm'3),
the contacts are metallic and exhibit ohmic behavior down to the low-
est temperatures. Next, two metal layers, first 500 A of titanium
then 8000 A of gold, were sputtered on to the contact faces. Gold is
used since it makes a superior solder bond as compared to a plain ger-
manium surface. Titanium functions as a cementing layer and as a dif-
fusion barrier as gold adheres poorly to germanium and may form a eu-
tectic during annealing. The wafer is annealed at 200°C for 30 min-
utes to relieve residual stresses in the metal films. The wafer, ion
implanted and metallized on opposite sides, is diced in grid fashion
using a wire saw to yield a large number of 0.5 x 0.5 x 0.3 mm3 chips.

These chips are ready for electrical lead attachment. An apparatus
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Figure 19. Schematic diagram of bolometer wire attachment
apparatus.

was designed and constructed to allow wire attachment with a minimum
amount of chip handling and operator attention. Shown in figure 19,
the chip is positioned on a thin strip of Kovar which acts as a heat-
ing element when current from the variable power supply is paésed.
Each wire (3 mil dia., 1 cm lﬁng copper) for attachment is held in the
hollow sha’t of a hypodermic needle which has in turn been clamped
into the jaws of a micro-manipulator. The ends of the wires have been
previously tinned with ~ 0.2 mm diameter balls of indium sclder, coat-
ed with a thin layer of rosin flux. Witk the aid of a microscope posi-
tioned above, the wires are guided to opposite sides of the chip so
that the fluxed indium solder balls are just touching the 0.5 x 0.5 e
metallized contact areas. With chip and wires positioned correctly,
the bonds are now ready to be made. A slowly increasing current is
passed through the Kovar strip until the flux is observed to melt and

wet the metallization. As the current is increased further (to ~ 7 A),
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the indium melts (157°C) and begins to alloy with the gold. The power
supply is then tufned off, the ipdium solidifies within a fraction of

a second, and the bond is made. ‘fhe wires are carefully removed from

the hypodermic needles with tweezers which is also a good test of bond
quality.

Bonding in this fashion leaves the germanium surface contaminated
with solder flux and dirt from the Kovar strip, as well as roughened
from wire sawing and positioning on the Kovar. Thus the chip must be
given a post-bond etch. The standard 3:1 (nitric to hydroflouric acid)
etch dsed for germanium is also quick to dissolve the copper wires.
Therefore, the wires are thoroughly coated with Picene wax and the
device, now a bolometer, is etched for one minute. After etching, the
wax may be easily removed using trichloroethylene.

Owing to the many problems encountered along the way, the develop-
ment of this contacting method was accomplished in a trial-and-error
fashion. For example, the addition of flux to the indium solder balls
came after it was realized that the surface of the indium oxidizes
quick ly upon heating, creating a gummy oxide sheath which renders the
wire unsolderable. Also, the yield of useful devices was lowered due
to adherence problems at the germanium-titanium interface. After wire
sawing, the metallization would flake off of up to 50% of the chips,
with more failures at each handling step. Out of improvements made in

38 it was dis-

contact metallization of nuclear radiation detectors,
covered tret a 200 A electron-beam evaporated layer of palladium in
substitution of titanium forms an intermetallic compound of pallacium
and germanium at the interface during stress relief annealing. Analo-

gously, metal-silicides have been used extensively in the IC industry
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for low barrier ohmic contacts and Schottky barriers. In our case,

the germanium-palladium~gold scheme proved superior with metallization
adhesion of 100% of the chips after wire sawing. A1l of our future

bolometers will be constructed using this metallization procedure.
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IV. CONSTRUCTION OF LIQUID HELIUM CRYGSTAT AND LOW NOISE AMPLIFICATION
SYSTEM

A. Electronics Requirements of Bolometer Circuits.

The ultimate performance of bolcmeters 1ike any other detector
producing an electrical signal is often limited by the.amount of elec~
trical noise inherent to the detector and its amplification system.
When the power incident from the radiation source is high, the elec-
trical noise present in the detector output signal is dominated by the
statistical random arrival of photons upon the detector. When the
power incident from the radiation source is low, however, the noise
can be dominated by the deteétor and its amplification system. It has
already been shown that noise in the detector may be reduced by opera-
tion at lower temperatures, thus reducing Johnson and thermal conduc-
tance noise. Current.dependent excess noise arising in the electrical
contacts to the detector has Seen substantially reduced by using heav-
ily doped, ion implanted contacts described in the section on bolome-
ter fabrication. The low noise operation limit of a bolometer will
not be realized, however, if noise from the bolometer signal amplifica-:
tion system is overwhelming. Therefore, it is extremely important to
choose the lowest noise amplifiers available. Often this process in-
volves extensive testing of different devices until the optimum device
is found. Such a procedure is discussed later in this section.

Major sources of extraneous noise in bolometer systems are vol-
tage fluctuations resulting from mechanical vibrations in the cryo-
stat, in the bolometer, and along the long wires which carry the bol-
ometer signal from the device to the first stage electronics. An e-
quivalent bolometer circuit including bias current I, a parallel com-

bination of load resistance and bolometer resistance Reff' bolometer
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Figure 20. (a) Equivalent steady-state bolometer circuit. (b)
Equivalent bolometer circuit after a small displace-
ment in the signal carrying wire and the resulting
voltage transient.

signal voltage Vs. and combined bolometer, load resistor, and signal
wire capacitance Ceff' is shown in figure 20. In the steady state,
there is a voltage Vs across the capacitor corresponding to a total
charge of Q = Ceffvs' Any small physical displacement of the signal
wire relative to ground will cause a fluctuation aC in the effective
capacitance which results in a aAY added to the bnlometer signal vol-
tage. aV returns to zero with a time constant, Reffceff‘ as charge is
added or removed from the capacitor. The magnitude of aV may be re-
duced by reducing aC (e.g. by shortening the signal wire). The shor-
tening of the high impedence signal wire has several advantages. Vi-

brations in a shorter wire will be smaller in amplitude and shorter in
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Figure 21. Bolometer circuit including JFET source follower pre
ampl ifier. The source, gate, and drain of the JFET
are referred as S, G, and D, respectively. Rggyrce
is a transistor biasing resistor while +V and -V are
transistor power suppiies. .The signal voltage is
taken from the source and is equal to the gate
veltage plus a constant gate-source offset.

duration. In addition vibrations will be higher in frequency thus
moving the interfering effects. to higher frequencies outside the
signal frequency range. A shorter signal wire also reduces voltage
pickups from adjacent wires and stroy fields. The duration of AV or
the time constant may be reduced by decreasing the output resistance,

R Typically, bolometers have a high Toad resistance of 1 to

eff*®
20 M2 since noise from the best amplifiers arc minimized with source
resistances in this range and the bolometer ,esponsivity is directly
proportional to its resistance. A proven way to shorten the high

Reff wire from the bolometer and to reduce the output resistance

sern by the long wires carrying signal from the cryostat is to station

z first stage amplifier in the form of a source follower junction

field effect transistor in close proximity to the bolometer. Shown
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in figure 21, a similar concept has been used successfully in photo-
conductor app]ications.39 Since the FET is located in an ambient of
4.2 K or below and is inoperative (due to carrier freeze-out) below
~ 55 K, the transistor must be enclosed in an insulating housing with
a heater resistor to keep it at an operating temperature.

B. JFET Source Follower and Noise.

FET source followers are commonly used as unity gain amplifiers
when impedence lowering is desired. The term source follower is used
because the voltage measured at the source remains equal to the signai
voltage fed into the gate plus a constant gate-to-source offset vol-
tage. The gain of the amplifier is

. 9.Re .
A= +mgs
I m“s
where % is the transconductance of the device and Rs is the source
biasing resistor. W.=n RS >> g%l, the gain of the amplifier is
close to one. Most importantly, the output impedence is equal to g;l
which is on the order of a kqQ.

It must be kept in mind that the noise from each device in the
bolometer detector system must be minimized to attain the lowest pos-
sible NEP. JFETs are especially well suited to this task because they
exhibit low noise even with high source resistar-es as is the case
with bolometers. The noise in an FET may be separated into two compo-
nents: voltage noise and current noise. The voltage noise represents

the Johnson ngise of the FET channel and can be expressed b_y40

e, .\]4kT(o.67/gm)B
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where k = Boltzmann's constant = 8.62 x 1072 eV/K, T = temperature
(K), B = frequency bandwidth (Hz}). In addition, at low frequencies,
the voltage noise contains a second term which describes an excess
noise component proportional to £, In this case the expression

for ey is

ey = VOKT(0.67/g )B(L + f,/¢7")

where f1 is the "knee" of the 1/f region (100 Hz to 1 kHz) and n is

a constant between one and two. The 1/f region is ofispec1a1 interest
for bolometer circuits since many applications require signal chopping
frequencies below 10 Hz. The severity of 1/f noise is controlled to
an extent through design;- however, it has been recognized that there
is a close link to device processing since it varies from lot to iot
of the same device. The second component of noise in an FET is the
current noise which is caused by the thermally generated reverse leak-
age current across the gate-channel reversed bias junction. The cur-

rent noise may be expressed as

where q = charge of the electron and Ig = leakage current across the
reverse biased jumction. For the frequencies at which bolometers are
used the current noise may be considered constant with frequency and
may be added in quadrature to the voltage noise to get a total noise
voltage of

2 2,32 2

€ = €
Meotal N \

The best JFETs available today have room temperature current noise

values of well below 10'15 AAHz and even lower values at reduced
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operating temperatures. Thus in our Reff range, the noise from the
FET shall be dominated by the voltage noise term.

The experimental work in the next section describes the process
of seiecting an FET on the basis of lowest voltage noise at low fre-
quencies (< 10 Hz) for use as a first stage amplifier as described
above. Also considered along with the selection process is both the
construction of a housing to insulate the FET from its < 4,2 K ambient
and the design and construction of a 1iquid helium experimental cryo-
stat.

C. Cryostat Construction.

The initial step toward performing low temperature experiments
was the construction of a ]iquid helium cryostat. There are several
types of cryostats available commercially, but for reasons of versa-
tility it was decided an immersion construction following a design used
for many years in the Berkeley Physics department would be utﬂized.41
Constructed was an insert consisting of a 2 in. diameter, 3 in. long
cyTindrical sample chamber suspended from a top plate by 4 stainless
steel tubes (3/8 in. dia., 10 mil wall, 3 ft. long) which also acted
as a vasuum line (one) and a housing for electrical leads (three).
Also mounted on the top plate was a stainless steel light pipe for
possible optical experiments and a heavy walled stainless steeil tube
for liquid helium transfer. The sample chamber shown in figure 22
consisted of an extension of the light pipe on which a detector may be
mounted, a silicon optical window, and a flat base to be used to mount
electronics. Vacuum tight seals (< 10'6 Torr at room temperature)
were made around the circumference of the can with a deformable indium

seal, at the silicon window using Stycast low temperature epoxy,42
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Figure 22. Cryostat sample chamber.

and at the top of the tubing carrying the electrical leads by a glass-
to-metal feedthrough and Stycast. To perform low temperature measur-
ements the insert was mounted at the top plate and hung down into an
exisiting pyrex vessel into which 1iquid helium could be transferred
using the provision made in the insert. The liguid helium vessel was
surrounded by an insulating vacuum space which was in turn surrounded
by a reservoir of insulating liquid nitrogen. The 1iquid helium ves-
sel contained a port to facilitate pumping to achieve sub-4.2 K temper-
atures if desired.

D. JFET Testing.

Before an FET could be tested at low temperature, the process of
eliminating unsuitable devices began with noise measurements at room

temperature. The test circuit for these measurements is shown in
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Figure 23. Test circuit for measuring voltage noise of JFETS.
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Figure 24. Noise spectrum of a Toshiba 25K147 JFET.

figure 23. The noise voltage from the FET was displayed as a function

3 spectrum analyzer as shown in

of fregquency using a Hew]ett-Packard4
figure 24. The sensitivity of the spectrum analyzer is limited to
microvolts, thus the noise signal from the FET, in the range of nano-
volts, was ampiified in twp s-ages. An ultra low noise Precision Mono-

44 -

lithics ~ OP-27 operational amplifier was used to amplify the signal

by a factor of ten and a PAR45 114 signal conditioning =mplifiar was



used for further amplification (10 - 100X} and for selection of band-
width (generally 0.03 - 100 Hz), Thé total noise contribution of the
amplifiers and spectrum analyzer are negligible compared to the FET
and so did not affect the measurements. Several different types of
FETs were tested with emphasis on the manufacturers who have been cited
in the literature and the research community for production of devices
which have proven successful in past applications. Since our interest
was in the performance of these FETs at low freguencies and the noise
in this 1/f range tends to vary from device to device of the same type,
as many devices of the same type as could be practically secured were
tested (generally in lots of 5§ - 15 devices).

This process 6f elimination yielded two devices suitable for low

temperature testing. First, however, an insulating housing had to be

JFET = HEATE.>
RESISTOR
BRASS ——» FIBERGLASS
HOUSING TUBING
[ = =

Figure 25. JFET insulating housing for mounting in crycstat
sample chamber.
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constructed to maintain thg FET at an operational temperature in the
4.2 K environment. Shown in figure 25, the housing consisted of the
FET epoxied on to a piece of 1 c¢m long, 1/8 in. diameter fiberglass
tubing which was, in turn, epoxied into a hollow cylfnder drilled out
of a hexagonal brass rod. Epcxied on to the body of the transistor
was a 1 k@ carbon resistor to act as a heater. The source and drain
leads from the FET as well as the heater resistor leads were soldered
to four-pin feedthrough mounted on the side of the housing, while the
gate lead was brought out through a feedthrough on the 1id of the hous-
ing. A flange was soldered to the bottom of the housing for bolting
to the inside of the cryostat sample chamber. Two such housings were
constructed, one for a Si’liconix46 J230 and a second for a Toshiba47
25K147. Both of these devices were then tested .for noise in the cryo-
stat sample chamber immersed in liquid helium. The circuit and ampli-
fication system was identical to that used at room temperature. Ap-
proximately 8 volts across the heater resistor was sufficient to keep
the FET at an operating temperature.

E. Discussion of Resuilts.

Table 3 shows the room temperature voltage noise measured at 10 Hz

for the several FET types tested. In each case the value given repre-~

TABLE 3. ROOM TEMPERATURE JFET VOLTAGE WOISE.

FET. VOLTAGE NOISE @ 10Hz (nV,/A/Hz)
2N4416 210
2N3875 . 17.6
TCGl32 11.4

J230 73
2N4867 6.4

25K147 4.4
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sents the FET showing the bést pe formance of the lot. The Toshiba
2SK147 measured the lowest noise with 4.4 nVAMHz followed by the Sili-
conix 2N4867 and J230 with 6.4 and 7.3 nVAJﬁ;; respectively. By vir-
tue of these results, the 25K147, 2N4867, and J230 were the only de-
vices considered for low temperature testing. Chosen were the 25K147
since it displayed ..e Towest value of voitage noise and the J230 also
due to its low volitage noise at room temperature plus the fact that it
had been used successfully in a similar application by Low.48 The

results for the two cooled transistors are given below in Table 4.

TABLE 4. VOLTAGE NOISE OF COOLED TRANSISTORS.

Voltage noise (nVI\E)
Device 10 Hz 5 Hz 2 Hz

- 230 : 5.38 10.9 48.8
125K147 6.00 28.8 109

In both devices an increase in the 1/f component at low temperatures
caused an increase in the measured noise at 10 Hz and below for the
2S5K147 and at 5 Hz and below for the J230. It is not clear why cool-
ing the FET in this housing should increase the 1/f noise. One hypo-
thesis, hawever, is that temperature fluctuations occur within the
device which transform into an 1/f noise characteristic. This effect
has keen noted in bolometers and resistors at low temperatures in

s Nevertheless, the perform-

thermally unstable liquid helium baths.4
ance of the J230 is acceptable for uss in bolometer circuits for sam-
pling frequencies of 5 Hz and greater and provides the necessary imped-
ance lowering to avoid microphonic problems. The use of this device

at lower frequencies is dependent upon the sensitivity required by the

specific application. This particular device will be used in future



work involving bolometer noise and responsivity measurements.
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V. SUMMARY AND CONCLUSIONS.

1. The behavior of defects generated during the neutron-
transmutation-doping of germanium was studied using deep level tran~
sient spectroscopy. Hole traps located at 0.10, 0.14, 0.22, 0.027,
and 0,37 eV above the va]ence/band were detected. Thermal annealing at
400°C for six hours is sufficient to annihilate each of these deep
levels. Traps H(0.10), H(0.22), and H(0.37) exhibited the Poole-
Frenkel effect and determined to be acceptors. Recombination enhanced
annealing, alone and in conjunction with thermal annealing was used to
repair deep level damage within the diffusion length of electrons
across the forward biased junction.

2. OLTS was used to monitor the increased electrical activity of
deep sefenium donors with annealing time at 400°C. Even .in unannealed
material, variable temperature Hall effect revealed approximately one
halr of the calculated number of donors were already electrically ac-
tive.

3. A semi-automated process of attaching electrical leads on to
0.5 x 0.5 x 0.3 mm3 germanium chips for the fabrication of bol-
ometers was developed. The chip is heated by a Kovar strip heater
while wires tinned with fluxed indium solder balls are positioned with
micro-manipulators to make the bond. In addition, a new contact me-
tallization scheme consisting of a 200 A layer of paliadium and an
8000 A layer of gold on germanium was developed to improve the ache-
sion characteristics of the previously used titanium-gold system.

Upon stress relief annealing, the palladium forms an intermetallic
compound, probably PdGe, at the metal-semiconductor interface, thus

inhibiting the flaking of the metallization.
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4. Several different types of junction FETS were measured for
voltage noise at room temperature. Of these, the Siliconix J230 and
2N4867 and the Toshiba 25K147 were judged best suited for testing at
low temperatures and possible use as first stage bolometer amplifi-
ers. An insulating housing was constructed for measuring the voltage
noise of the J230 and 25K147 at low temperatures. The J230 and the
25K147 measured 5.38 and 6.00 nV/yHz at 10 Hz and T ~ 80 K with in-
creasing noise at lower frequencies. The J230 will be used in future

bolometer characterization experiments.

Neutron-transmutaticn-doped germanium is well suited for applica-
tion as low temperature bolometer material. The ability to cover a
large doping range by simply specifying the neutron dose makes avail-
able to the bolometer designer material of optimum resistivity over a
wide range of operating temperatures. This study has answered ques-
tions concerning the proper annealing procedures for NTD germanium as
well as described a method to successfully fabricate bolometers out of
small chips of NTD germanium. This information along with the devel-
opment of a low noise amplification system will lead to future per-
formance testing and operation of NTD germanium bolometers in a varie-
ty of infrared experiments. In addition to bolometer optimization,
future work in NTD germanium will involve accurate determination of
the neutron capture cross-section as a function of neutron energy,
additional irradiations and low temperature resistivity measurements
to further fine tune the available material for specific temperature
applications, and applications of NTD germanium as very accurate low

temperature thermometers in cryogenic equipment. One of the most ex-
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citing aspects will be the lowering of the operating temperature to
below 100 mK. Bolometer performance estimates show that NEP limits as
Tow as the numbers achieved by photoconductors should be achieve-
able. The engineering of such low temperature detector systems for
space flight applications is a great challenge and is presently pur-

sued by a number of groups.
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VI. BPPENDIX

Bolometer operation may be understood by first studying the ther-
mal equivalent circuit and setting up a power balance. As shown in
figure 2 the absorbed power in the bolometer, nP, can be accounted for
as the sum of the heat used to warm the detector plus the heat con-

ducted to thermal sink,

" nP = H{de/dt) *+ Ge

= absorption efficiency

= incident power

= thermal mass

= temperature increase above sink temperature
= time

= thermal conductance to sink

@t d T va

At low temperatures the power dissipated by the device due to radia-
tion can be ignored. The incident power may be divideo into a con-
stant background, PO’ and a time varying signal:

Ps = Aexp(iwt)
Substituting this into the power balance and solving for 8 gives,

e, = nA(G2 + quz) exp(iut +¥)

with phase shift:

¥ = arctan{uwH/G)
The response time of the device, 1, is simply the ratio of thermal
mass to thermal conductance,

T = H/G

From this derivation, some insight may be obtained surrourding some of
the parameters which may be manipulated during bolometer design and
construction. For instance, the signal temperature fluctuation may be

maximized by minimizing the thermal mass, H (by using low heat capa-
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city material, Tow temperature operation, using the smallest possibie
device). In addition, the response time may be varied by choosing the
thermal link to the heat sink (pure metal wire for small time con-
stant, alloy wire for long time constant}.

The transformation from temperature fluctuation to elecrical sig-
nal may be understood by studying the electrical circuit of figure 1.
A constant current, I, biases the detector producing a voltage drop
across the bolometer resistance. As the temperature of the device
fluctuates so does its resistance, producing a corresponding signal
voltage vs. A capacitor filters out the DC voitage drop from the
signal portion. The temperature coefficient of resistance is

o = R71(aR/dT)
and can be used in the expressidn for Vs,
VS = Ia.Res
= Ic:RnPS(G2 + wzll?‘)
The responsisity, S, in volts per watt is then
S = Vg/P = nlaR (62 + o2H?)

The current and resistance in the expression are intimately related
through the Joule heating of the detector which acts as an additional
source of power not included in the analysis. This self-heating of
the device results in a highly non-linear dark bolometer I-V curve.
The maximum responsivity with respect to current occurs at the operat-

ing point where this curve displays a maximum in non-linearity.
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