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of Neutron Transmutation Doped Germanium
In-Shik Park
Abstract

Thermal neutron irradiation of germanium leads to gallium
acceptors, arsenic and selenium donors, as well as radiation defects.
Unlike other neutron transmutation doped (NTD) semiconductors in which
only donor impurities are introduced, NTD germanium contains both
types of dopant imburities in the ratio of acceptor:donor = 3:1.

Radiation defects and the evolution of each impurity as a function
of time in NTD germanium were investigated by Hall effect measurements
and infrared absorption spectroscopy. The presence of radiation
defects ih an unannealed NTD germanium sample was clearly shown by
measuring the net carrier concentration of annealed and unannealed
samples as a function of time after neutron irradiation. Most of the
radiation defects were removed by annealing above 400°C for 1 hr.
Using IR spectroscopy with bandedge 1ight illumination, it was shown
that transmutation-produced gallium acceptors were electrically active
without annealing after NTD, while arsenic donors were not. Further
evidence shbwed that group V donors in irradiated germanium formed
complexes with vacancies. These complexes were formed between
substitutional donors and vacancies as shown byliR spectroscopy on

neurtron-irradiated, phosphorus-doped germanium. It was concluded



that vacancies diffuse to the substitutional donor sites to form

complexes. The possibility of the complex formation between
interstitial donors (arsenic) and vacancies was not ruled out. Deep
level defects in NTD germanium were studied after high temperature
annéa]ing (> 200°C) by deep level transient spectroscopy. Results
showed that although the concentrations were very small

(< 1011 em™3), two hole traps at E, + 0.22 eV and at £, +

0.30 eV were present even after annealing at 500°C. In neutron
irradiated n-type germanium, two electron traps were also observed by
DLTS after annealing at 700°C. These electron traps were located at
Ec - 0.20 eV and at E_ - 0.35 eV. Again the concentration of

these traps was less than lollicm'3° High resolution transmission
electron micrographs of neutron irradiated and unannealed germanium
sampTeS showed disordered regions. The diameter of the disordered
regions was estimated to be ~ 100 atomic spacings.

NTD germanium has been used as a material for cryogenic bolometers
because of its unique characteristics: uniform doping and fixed
compensation ratio. Bolometers made of NTD germanium have shown
excellent performance in many areas. Our data shows clearly that the
resistivity depends on the inverse of the square root of the absolute
temperature in the hopping conduction region in accordance with Efros'
theory of hopping conduction. NTD germanium was‘also &sed in the
development of FIR heterodyne mixers. Detectors have been evaluatéd
in an intermediate frequency range of up to 100 MHz and have shown

bandwidths of up to 60 MHz. The dependence of bandwidth on bias is

discussed and compared with theoretical expectations. From the



dependence of bandwidth on compensating impurity concentraion, a

0-13 2

recombination cross section of 3.2 x 1 cm~ was obtained.
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Part I: Synthesis and Characterization of Neutron Transmutation

Doped Germanium

1. Introduction

Neutron transmutation doping (NTD) has become a very important
technique for achieving uniform doping of semiconductors. Especially
in the development and production of high power, high voltage silicon
devices, NTD has become the doping technique of choice [1]. NTD
germanium also has found many uses such as in the study of hopping
conduction [2], in the development of far-infrared detectors —-
bolometers [3,4] and heterodyne mixers [5,6], and in the study of
radiation defects in semiconductors [7].

The main advantages of the NTD technique are its extreme
homogeneity and reproducibility. The process consists of thermal
neutron irradiation and, upon capturing the neutrons, certain isotopes
of a semiconductor decay into doping elements. Because of the uniform
mixture of isotopes in the semiconductor and because of the small
absorption of thermal neutrons in the incoming flux, the NTD process
produces very uniform doping throughout the sample. The concentration
of doping impurities is determined by the product of éhe thermal
neutron capture cross section for the specific host isotope, the
natural abundance of the dopant producing isotope, and the thermal
neutron dose. Therefore, the doping concentrafion can be fully
contrb]]ed by the total dose of thermal neutrons. The capture cross

section for thermal neutrons in semiconductors is very small and the



therma1‘neutrons can penetrate many cm into the sample. Therefore,
samples up to a few cm thick can easily be doped with this technigue.

It is well known, however, that neutron irradiation in
semiconductors also introduces radiation defects. The main cause for
defect generation are the fast neutrons. Fast neutrons which do not
contribute to the doping process unavoidably accompany the thermal
neutron flux. They knock out host atoms producing defect clusters
containing vacancies and interstitials. Numerous studies have dealt
with the characterization of radiation defects in semiconductors but
the radiation défects in NTD germanium were not studied in detail
because of the complicated nature of fast neutron damage [8].

In this thesis work, an effort was made to understand the nature
and the annealing of radiation defects in germanium produced by
neutron irradiation using Hall effect measurements, infrared
absorption spectroscopy, deep level transient spectroscopy, and
transmission electron microscopy.

In part II, applications of NTD germanium in the fabrication of
far-infrared detectors -- cryogenic bolometers and heterodyne mixers

-~ are illustrated and discussed.

1.1 Theory of Shallow Impurity States

Impurities in an otherwise perfect semiconductor can play an
important role in the magnitude and the type of conductivity. The
mastery of crystal growth and the introduction of known impurities in

controlled amounts have proved to be the crucial factors in the
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remarkable range of semiconductor devices invented in the past quarter
of a century. Defects introduced either during crystal growth or by
particle irradiation are another important factor in the electrical
properties of semiconductors. Therefore, there have been many studies
concentrating on revealing the nature of defects as well as to either
introduce or remove them from a semiconductor.

We consider first the effect of impurities in elemental group IV
semiconductor. Consider the group V impurity phosphorus in
germanium. Four out of five valence electrons of phosphorus are used
to form covalent bonds with its four nearest neighbors. The fifth
electron, not incorporated in this bonding, is donated to the
conduction band and the phosphorus is called "donor". . However, at
sufficiently low temperature the electron remains bound to the p*
ion by the Coulomb attraction. The potential energy of the donor
electron must take into account the adjustment of the charge density
of.the host in the field of the positively charged donor. The
eva1uationvof this potential is a many-body problem. However, for
distances r large compared to the lattice spacing a, this adjustment
can be viewed as a polarization of the host described by its static

dielectric constant e. In this limit the potential is:

2

U(r) = ~ — (1.1)
er

where e is the electron charge. In a c}ystal the electrons behave

*x*
under an external field as particles with an effective mass m



satisfying the force equation:

s o dE
F=mas=4"(—) (1.2)
dk
The effective mass m* is different firom the free electron mass m,
being of the order of 0.1 m. Under these assumptions, the donor
electron will have hydrogen-like bound states given by:

*
me4

E = T ATy (103)
n 2ﬁ2€2n2

and a ground state Bohr radius:

. A
a = (1.4)
me

For example, in germanium, m =0.12mand ¢ = 15.8 yielding an
binding energy E ~ 10 meV and the corresponding Bohr radius of ~ 80 A
for the ground state.

In an analogous fashion one can develop a model for substitutional
group III impurities in germanium which bind the hole created in the
valence band resulting from the formation of the covalent bond with
its nearest neighbors. These impurities which have aécepted an
electron from the valence to complete the bonding scheme with its four
nearest neighbors are called "acceptors".

This simple "hydrogenic" model based on the effective mass theory



(EMT) which was introduced by Kittel and Mitchel [9] and by Luttinger
and Kohn [10] needs to be modified in two respects to explain the
actual situation in semiconductors: i) the ground state binding
energies of different group III (or V) impurities in germanium and
silicon are different and ii) the effective mass m for many
semiconductors is a tensor rather than a scalar, reflecting the nature
of the valence (or conduction) band. EMT predicts the ionization
energies of the shallow impurities quite well and works as a rough
estimate for the properties of shallow impurities in semiconductors.

The binding energies of the excited states of shallow impurities
in semiconductors calculated by effective mass theory are shown in
Fi95 1.1 (group IIl acceptors in germanium [11,12]) and Fig. 1.2
(group V donors in germanium [13]) along with éxperimenta]]y meas ured
values [14]. Because the wavefunctions of p-like excited states have
é nodevat r = 0, the binding energies of the p-like excited states do
not depend upon the chemical species of the impurities in a
semiconductor. The s-like ground state on the other hand has the
largest probability density at the center of the nucleus (r = 0) and
the binding energy of the ground state shows the dependence on the
chemical species of the dopant impurities. The shift in the 1ls ground
state energy reflects the incomplete screening of the jonic charge by
the core states in the vicinity of the impurity site. As r becomes
smaller, the dielectric screening becomes less effective and as r
becomes comparable to the size of the charged ion, the potential
becomes U(r) = - e?/r. This causes the binding energy of the

electron to be somewhat higher than estimated by the effective mass
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Fig. 1.1 Energy diagram of bound excited states of group III
impurities in germanium.

theory. And there is a general increase of the binding energy as the

jonic radius of the impurity increases.

The ground state of a group V donor in germanium is more
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Fig. 1.2 Energy diagram of bound excited states of group V impurities
in germanium.

complicated than is'predicted by the effective mass theory [15].

Because of valley-orbit coupling it splits into a singlet and a

triplet. The degree to which the actual ground-state levels differ



from the value given by the effective mass theory depends largely on
the species of the group V impurity. The correction to the effective
mass potential is usually considered as a perturbation whose effect is
confined to the immediate vicinity of the donor impurities and hence
only affects the s-like energy states.
The intensities of the absorption lines due to the transitions from
the higher, triplet ground state decrease drastically as the sample
temperature is lowered. At 4.2 K where the measurements of our study
were performed, we can neglect the contributions from the triplet
ground state because it is insignificantly thermally populated.
| The shift in the binding energy of ground state of group III
acceptors is proportional to the ionic radius of the impurity. This
simple trend is not found for group V donors in both silicon and
germanium,

Detailed discussions on shallow impurity levels in semiconductors

have been reported in many articles [16 - 19]

1.2 Neutron Transmutation Doping of Germanium

In 1950, Cleland, Lark-Horovitz, and Pigg [20] investigated the
effects of neutron irradiation on germanium. It was already known
that neutron irradiation of germanium introduces acceptor levels. The
reasons for the introduction of thése acceptors were shown to be i)
lattice displacements produced by fast neutrons and ii) impurity
centers produced by the transmutations due to slow (thermal)

neutrons. The proof of the second process was that prolonged



annealing of the irradiated sample failed to fully restore the
original conductivity. (This argument, however, is not a perfect
proof because fast diffusing acceptor impurities coq]d enter the
crystal during annealing.) This neutron irradiation technique has in
the mean time become a well established method for doping bulk
semiconductors.

Compared to the conventional doping techniques, NTD creates very
uniform and reproducible doping of the sample. This uniformity and
reproducibility was used in the study of impurity hopping conduction
by Fritzsche [2]. In the development of cryogenic bolometers whose
operation depends on the hopping conduction, NTD germanium is the
prime candidate. Also in -the special case of counter doping, the NTD
technique can safely be used in combination with chemical impurity
| doping. We used this method in the fabrication of far-infrared
heterodyne mixers as discussed in part II.

It is well known, however, that neutron irradiation on
semiconductors produces radiation defects in addition to the dopant
impurities. Due to the very complicated nature of the neutron
irradiation damage, the radiation defects due to the neutron have not
been studied in detail. Although it has been reported that annealing
at about 400°C for several hr removes most of the radiation defects
[21,22], the detailed nature of the defects and the annealing process

are still in doubt.
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1.2.1 NTD Process in Germanium

The NTD process in germanium is summarized in Table 1.2 with the

isotopic fractions of all stable germanium isotopes, the neutron
capture cross sections, and half-life of the decay reactions. There
are five stable isotopes in germanium. Of those five isotopes, 726e
and 73Ge Just redistribute the isotopes of germanium and do not take
part in the doping processes. However, 7OGe bec omes 7lGe after
capturing a thermal neutron which is unstable and decays into 7lGa
which is an acceptor. 74Ge and 76Ge become 75Ge and 77Ge,

77

respectively, which are unstable, and decay into 75As and " Se,

both of which are donors. As is shown, the capture cross sections of
the reactions are very small (1 barn = 10'24 cmz); This makes the
penetration of thermal neutrons into semiconductors easy and the
absorption length can be as large as a few cm. Up to a few cm thick
specimens can be doped with this technique.

The NTD process produces very uniform and reproducible doping.
Since the isotopes of semiconductors are distributed randamly
throughout the crystal, the transmutation created impurities are also
uniformly distributed. And since the concentration of transmutation
created impurities depends only upon the isotopic concentration,
neutron capture cross section, and neutron fluence, the doping
concentration can be controlled by just choosing the appropriate total

neutron fluence.

The NTD processes for silicon and gallium arsenide are shown in



Table 1.1 NTD Process in Germanium

Isotopic Fraction Reaction . ac(b) t1/2 Type
(20.5%) Ie(n,y) Jl6e > Jlea + EC  3.25 1120 p
(36.5%) ;gGe(n,y) ggGe > ggAs + 8 .52 82.2m n
(7.8%) ggGe(n,y) g;Ge > ;gAs + g~ | .16 11.3h

> ;ZSe + 8 38.8h n

Table 1.2 NTD Process in Silicon and Gallium Arsenide

NTD Process in Silicon

Isotopic Fraction Reaction 'ac(b) t1/2 Type
(92.3%)  &3si(n,v) §3si
(4.7%)  Z3si(n,y) 3osi
(3.1%)  3si(n,y) 3lsi > 3t + 6™ 0.108 2.62n n

NTD Process in Gallium Arsenide

Isotopic Fraction Reaction : °c(b) tl/Z Type

(60.1%)  Sea(n,y) {%a > e+ 1.7 2lm n

( 39.9%) gea(n,y) %a > %e+ s~ 4.6 14.1n n

(100.0%)  L3As(n,y) %As > [8se + 6= 4.4 26.3n n

11
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Table 1.2. One interesting fact here is that NTD germanium contains
both acceptors and donors while NTD silicon and NTD gallium arsenide
have n-type dopants only. NTD germanium is, therefore, compensated
and the compensation ratio is fixed by the product of isotopic
concentration and neutron capture cross section of dopant producing
isotopes.

In the neutron irradiated semiconductors there are several causes for
the formation of radiation damage. Of those, knock-on displacements
of germanium atoms by fast neutrons are the primary cause. The fast
neutrons do not participate in the doping process but always accompany
the thermal neutron and produce radiation damage. This radiation
damage is usually removed by thermal annealing. In germanium
annealing up to about 400°C is necessary to remove most of the
radiation damage. It is also commonly believed that the transmutation
created impurities tend not to reside in the substitutional position
where they are electrically active. Thermal annealing again helps to

move these impurities into substitutional sites.

1.2.2 Compensation Ratio of NTD Germanium

As mentioned above, NTD germanium has both types of dopants and is
self compensated. The concentration of each impurity produced by .

neutron irradiation is:

Nx = pGeX o.n (1.5)
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where PGe is the number density of germanium atoms (cm-3), X

X
the natural abundance of isotope x, 9y the thermal neutron capture

cross section (cm2), and n the thermal neutron fluence (cm'z).

The compensation ratio is fixed by the product of isotopic fraction
and neutron capture cross section of the dopant producing isotope.

The compensation ratio, K, in NTD germanium is calculated as:

K = NAs * 2NSe

NGa
here selenium is counted twice because it is a double donor
compensating two holes. The values of the isotopic fractions of the
stable germanium isotopes are well known and the deviations between
reported values are small. The capture cross section for thermal

neutrons, o., is related to the energy of the incident neutron by:

C’

o. ~ E ~ - (1.7)

for neutron energies up to:~ 104 eV [23]. Therefore, depending on
the neutron energy spectrum of a particular reactor, the neutron
capture cross section values change and compensation ratio values have
been reported varying from 0.23 to 0.41 depending on the set of
neutron capture cross section values which are used [24 - 32].

To find out the real compensation ratio of NTD germanium in our
case, we conducted an experiment. As the half lifes for decay

reactions are not the same, time dependence of net-carrier
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concentration reveals important information. First of all, the half
life of the gallium-producing reaction is 11.2 days, while those of
arsenic and selenium producing reactions are 82.2 min and 38.8 hr
(dominating process), respectively. Therefore, NTD germanium becomes
n-type right after neutron irradiation because of very short half life
of the arsenic producing reaction and then slowly changes towards
p-type because the ultimate concentration of gallium after all the
reaction have taken place is larger than the sum of the arsenic and
twice the selenium concentrations. The time for the n- to p-type
conversion is around 6 days after neutron irradiation, depending on
the neutron capture cross section. The shertest time expected for
type conversion is about 4 days and the longest time is approximately
8 days.

Figure 1.3 shows the expected evolution of each dopant impurity in
NTD germanium using the neutron capture cross section values from
reference [26]. As expected, the reaction for arsenic impurity
formation is the fastest and is completed within a day after neutron
irradiation. The selenium formation reaction is finished about 5 days
after neutron irradiation and it takes a few weeks for gallium
formation to be completed. The dotted curve is the change in the, net
dopant concentration. The curve crosses the INA - ND"= 0 line af
about 6 days in this case. Figure 1.4 shows the shift of the time for
type conversion for different sets of neutron capture cross section
values. In applying this method to find out the compensation values,
one must be very careful about possible contamination of the sample by

any electrically active impurities. Such a contamination may occur



15

NEUTRON FLUX 1016 c¢m-2

_ K=04
o
g
= 2x10%
4
=
-
<
- 4
v
Z
& 1x0'
Z
8
o P
é; | 10 20
- 0 _~ TIME (DAYS) |
§ \ 2Ng,
- 4
o=
<
%)

1x1014 [

NA:

XBL 858 3768

Fig. 1.3 Time dependent evolution of each transmutation produced
impurity in NTD germanium.
because the samples must be annealed after the neutron irradiation to
remove the radiation damage and to activate the transmutation produced
impurities. In this annealing process, fast diffusing elements such
as copper may diffuse into the sample and contribute to the net-
carrier concentration. Fig. 1.5 shows the effect of the contamination
by the p-type impurity copper. The net doping concentration curve is
now shifted towards the p-type side and one obtains the time to p-type
conversion which is shorter than in the absence of copper acceptors.

Contamination by a n-type impurity would have the opposite effect and
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Fig. 1.4 Effect of neutron capture cross section of isotopes on the
time for n- to p-type conversion in NTD germanium.
the time of conversion would be shifted towards longer times. To
avoid this problem, one can do the same measurement on several samples
irradiated with different amount of neutrons in the same location of a
particular reactor. The expected results of such an experiment are
shown in Fig. 1.6. The samples irradiated with‘differgnt fluences of
neutrons have different concentrations of net-carriers but the time or
the NTD-related type conversion must be exactly the same. The cufves
cross at a time at which the NTD-related type conversion occurs. This
time does not change even if the sample is contaminated by an impurity

as long as the extent of contamination is the same in each sample,

16
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Fig. 1.5 Effect of contamination of electrically active impurities on
the time for n- to p-type conversion in NTD germanium.

i.e., the samples must be processed in precisely the same way. The
contamination shifts this crossing point to above or below the time

axis (Ny - Np = 0) as shown in Fig. 1.6.

1.2.3 Radiation Defects in NTD Germanium

Neutron irradiation of a semiconductor induces radiation defects
as well as dopant impurities. The primary cause of radiation defects

in NTD semiconductors is the presence of fast neutrons in the thermal

17
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Fig. 1.6 Theoretical curves of evolution of transmutation produced
impurities for different neutron fluence in NTD germanium.
neutron flux. These fast neutrons, which inevitably accompanies
thermal neutrons, do not take part in the transmutation processes but
produce damage by knocking out host atams. Because of the high mass
of neutrons, the radiation damage in neutron irradiated semiconductor
is much more extended and complicated than in either electron or y
irradiated semiconductors. Characterization of radiation damage in
NTD semiconductors by electrical method is usually very difficult
because thermal neutron irradiation introduces electrically active

dopant impurities in addition to radiation damages.
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It is worth while to review some of the previous results on the
study of irradiated semiconductors to improve the understanding of our

results.

1.2.3.1 Radiation Defects in Semiconductors

The family of radiation defects in semiconductors is very large
and includes everything from simple isolated Frenkel pairs, produced
by energetic y rays and electron irradiation, to very complex defect
clusters produced by fast neutrons and other massive particles. The
presence of these defects in irradiated semiconductors is most easily
recognized by a change in electrical properties after irradiation.
But more rigorous and detailed studies are needed to find out the
precise nature of these radiation defects in semiconductors. The
field of radiation defects in semiconductors has a very long history
and we can only focus on a few topics specific to NTD.

Gossick [33] and Gossick and Crawford [34] proposed a model for
the neutron-induced damage in n-type germanium. They described the
damage as a p-type disordered region, encompassed by an insulating
positive space charge region embedded in the n-type matrix. The
presence of disordered regions with radii of ~ 100 A was indicated by
the results of Crawford and Cleland [35] who used this model to
interprete their measurements of Hall mobility and conductivity in
n-type germanium irradiated at room temperature with fast neutrons.
Parsons et al [36] reported the direct observation of clusters in thin

germanium films irradiated with neutrons using transmission electron
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microscopy. These disordered regions were present at room
temperature. The irradiation of 2 ~ 3 MeV electrons did not produce
such damage.

Impurities present in a semiconductor before irradiation play an
important role in the formation of radiation defect centers. One of
the most extensively studied impurities in this respect is oxygen.
Bond centered oxygen which is electrically inactive in silicon and
germanium readily forms a complex with a vacancy which is called "A

center” in silicon [37]. This A center is optically active and local
vibrational modes are observed by IR absorption spectroscopy.
Evidence for the presence of this complex in germanium have been found
by IR absorption [37] and EPR [38] studies. Group V impurities also
‘form complexes with vacancies in germanium and silicon. In silicon,
such complexes are known as "E centers" [39]. The same complex has
been identified in irradiated arsenic-doped [40,41] and antimony-doped
[42] germanium. Such donor-vacancy complexes in irradiated germanium
has been studied in detail by other workers [43,44].

The energy levels which are introduced by radiation defects or
complexes in irradiated semiconductors affect the electrical
properties. Blount [45] has proposed four energy levels due to
isolated vacancies and interstitials in irradiated germanium. These
levels are: EC - 0.2 eV and E, * 0.07 eV for interstitials and
EV + 0.18 eV and Ev + ~ 0.01 eV for vacancies. Recently, Nagesh
and Farmer [46] reported results of a DLTS study of y ang neutron
irradiated germanium. By comparing the defect levels in differently

irradiated germanium samples, they temporarily assigned four deep
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levels: the planar four-vacancy complex with an energy level at EC -
0.09 ev; the divacancy level at Ec - 0.17 eV, the vacancy-oxygen
complex level at EC - 0.27 eV, and the donor-vacancy complex level
at Ec - 0.35 eV. Radiation-induced energy levels in silicon have

been reported by many works [35,47].

1.2.3.2 Recovery of Radiation Defects

In both germanium and silicon, it was found that the isolated
vacancies (produced by particle irradiation) are mobile at very low
temperatures. Based on infrared spectroscopy results [37], the free
vacancies in n-type germanium were found to migrate at temperatures as
Tow as 65 K. Vacancies in p-type germanium were found to be less
mobile than those in n-type germanium. There is evidence of vacancy
migration in p-type germanium near 200 K [18,48]. Vacancies in
silicon werevfound to be mobile at 65 K in n-type and at 160 ~ 180 K
in p-tyhe material [39]. The divacancy in silicon is believed to
diffuse at around 125 ~ 150°C [49]. Interstitials in germanium are
mobile at 77 K or probably at lower temperatures. Substitutional-
impurity to interstitial-impurity conversion has been shown to take
place upon interstitial-substitutional host atom place exchange. This
kick-out mechanism is prevalent for certain impurities in silicon [50].

From these facts we conclude that most of the simple defects
recover at room temperature. Extended defects duye to fast neutrons,
on the other hand, are not expected to anneal out at room

temperature.
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At higher temperatures, vacancies and interstitials are produced
by the dissociation of large defect clusters. They in turn will form
other small complexes. Such a process has clearly been shown by
annealing studies of oxygen-defect complexes in neutron-irradiated
germanium by Whan [37].

Annealing studies of donor-vacancy complexes in y irradiated
germanium have been reported [44,51]. The temperature for complete
annealing depends on the specific group V impurity which forms a
complex with a vacancy. Early studies showed a general shift of the
annealing temperature of defect complexes to higher temperatures for
the neutron irradiated samples than energetic y ray or electron
irradiated samples [52]. It is believed that the radiation defects
produced by neutron irradiation consist of point defects and large
defect clusters rather than mono- or divavancies.

It was reported that annealing at 400°C removes most of the
radiation defects in NTD germanium [21,22]. The reports were based on
the measﬁrement of the change in electrical properties of irradiated
germanium after annealing. Such experiments cannot provide any
information on the microscopic nature of the various dopants and
dopant-defect interactions. A major objective of this thesis work is
to reveal the behavior of each transmutation produced dopant species

and their interaction with radiation defects in NTD germanium.
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2. Experimental Technique

2.1 Hall Effect Measurement

Carriers which have a velocity component perpendicular to the
direction of a magnetic field will be deflected from the direction of
motion by the Lorentz force. This def]éction causes a Hall voltage to
appear across the sample perpendicular to the current flow direction.
This voltage is measured experimentally to calculate the free carrier
concentration. With the experimental set up shown in Fig. 2.1 the

Hall voltage V6 is given by:

y

-1
V, = Ryl,B,d (2.1)

where I, is the current flowing through the sample, B, is the
magnetic field applied perpendicular tovthe sample, and d is the
sample thickness in the direction of the magnetic field. RH is

called the Hall coefficient and is given by:

r -
H
Ry = — (2.2)
ne

where r. is called the Hall factor given by:

(2.3)
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Fig. 2.1 Schematic geometry for Hall effect measurement.

where ¥, is the momentum relaxation time. Assuming 2 depends on
the ratio of the carrier energy and the thermal energy of an atom, z,
= zb(E/kT)r. Here r is a constant having values between -1/2 and
3/2 depending on the scattering-process [53]. The Hall factor H

bec omes:

3n(2r + g):
- 2.4
RTERR TR ~ o

For acoustic deformation potential scattering with r = -1/2, the Hall

factor becomes 1.18 and for ionized impurity scattering where r = 3/2,



the Hall factor becomes 1.93. The order of magnitude of ry is 1 and
the exact value of this factor can be obtained from experiment for
various conditions of measurement (type of conduction, sample
temperature, magnitude of magnetic field used, crystal orientation,
etc.) [54,55].

The Hall coefficient is negative for thype conductivity and
positive for p-type. Therefore, the Hall effect is an important
method for the determination of the type of conductivity. From RH

" the carrier concentration can be determined:

r
noreps=s A K (2.5)
RHe
The Hall mobility is defined by the product of the conductivity o

and the Hall coefficient RH:

"H
uH = RHG = — Ney = Y‘Hu (2.6)
ne

The Hall mobility is different from the drift mobility by the Hall
factor. Usually it is the Hall mobility which is measured rather than
the drift mobility. '

In most practical situations, a Hall effect configuration
suggested by L. J. van der Pauw is used [56].  Van der Pauw applied
conformal transformation of an arbitrarily shaped lamellea of constant
thickness & onto a semi-infinite half plane to calculate the

resistivity. The current flow pattern and equipotential lines are

25
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easily calculated in the half plane. The resistivity p is:

5 (R + R )
b= 12,30 23,817 , ¢ (2.7)

In 2 2

where § = thickness of the sample, R12’34 = AV34/112, Ry3 41 =
AV41/123, and the factor f depends on the ratio of the
resistances. The direction of the magnetic field B has to be

perpendicular to the sample. The Hall coefficient Ry is:

84R
- 24,13 (2.8)

R, =
H B

where a R24’13 = AV13/I24 and V13 corresponds to the usual

Hall voltage. The free carrier concentration is found to be:

B
norps—m———Hr (2.9)

88R54 138
By combining the equations for o and n (or p), one can determine the

mobility:

1 2In2 AR 1
b= —— = 24,13 _ (2.10)
f

ene 18 (Ryp 34 Rp3,a1)

Ohmic contacts for p-type samples were prepared either by
implanting boron or by alloying a small amount of indium on four

corners of the sample. For n-type samples, either a phosphorus-



implanted or lithium-diffused, indium-soldered contact was used as the

ohmic contact.

2.1.1 Hall Effect Measurement at 77 K

When one wants to measure extrinsic carrier concentration in pure
germanium, one cools the sample to 77 K (liquid nitrogen |
temperature). The intrinsic carrier concentration is suppressed and
the extrinsic carrier concentration which is much larger than the
intrinsic carrier concentration can be measured.

The measurement setup consists of a liquid nitrogen container with
two coils wound in a Helmholtz configuration [57], a DC power supply
for the magnetic fig]d, a variable current supply for the sample
(schematic shown in Fig. 2.2), and a voltmeter. With 4 A of current
flowing, the two coils produce a magnetic field of 106 G which is
pefpendicu]ar to the bottom of the container as well as to the
sample. The measurement is performed for at least three different
sample currents (The Hall voltage and the resistivity are proportional
to the current over two orders of magnitude.) passing through the
sample and the average value of three sets of data are used in the
calculation of carrier concentration and carrier molibity. The Hall
scattering factors ry for n- and p-type germanium have been taken
from the published literature [54,55]. The crystal orientation
dependence can be typically neglected because it leads to a very'sméll

error.
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2.1.2 Variable Temperature Hall Effect Measurement

By measuring the Hall coefficient over a broad range of
temperatures, one obtains more information than just the net-carrier
concentration, resistivity and carrier mobility of the semiconductors
at one temperatufe. One can obtain information about the energy gap,
the concentration of majority impurities, the ionization energy of the
~majority impurities, and the concentration of minority (compensating)
impurities.

In the intrinsic range where nj = py» the intrinsic carrier

concentration is given by:

E .
. 2 .
ny = NCNVexp(- ;?) (2.11)

NC is the effective density of states in the conduction band, Ny

is the effective density of states in the valence band, Eg is the
minimum in energy gap, k is the Boltzmann constant (= 8.62 x 10'5 eV
K'l), and T is the absolute temperature. By plotting In (ni) VS.
1/T, one obtains a straight line with slope - Eg/k in the intrinsic
range. From this slope, the energy gap is obtained. In our case
where the semiconductor is known, one can use the intrinsic range for
an accuracy aﬁd equipment test.

-In the extrinsic or saturation range, the calculation becomes more
complicated. First we consider a semico;ductor with ND donors with

no acceptors. The ionization energy of the donor, ED,lis assumed to

be much smaller than the energy gap of the semiconductor. In order to
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determine the carrier concentration a relation between the position of

the Fermi level and that of the impurity center must be discussed.

The probability that an energy level ED is occupied is:

- - , | (2.12)

where Ep is the Fermi energy and g is the donor level degeneracy and
is assumed to be 2. Considering the total number of electrons

available, we find:

N = +n (2013)

1+ - exp
2

N is the total number of electrons available, ND is the
concentration of donors, and n is the concentration of electrons in
the conduction band. From the above two equations we obtain an

expression for n:

n = - 1) (2.14)

[NCI I

(6 + Ny - N)([1+ )

where 6 is given by:

1
p = = — Neexp — (2.15)
2



When the semiconductorﬂcqntains only donor impurities, N equals N
But in all "real" cases there are some residual acceptors, and in

above equations, N must be replaced by Np - Ny. The material wit

D-
the
h

both types of impurities is called "compensated" and is the common

case for semiconductors.
At temperatures where n; > Ny equation 2.11 is satisfied. At
temperatures, such that kT >> Ep but which are still sufficiently

low for kT <<.Eg, the equation becomes:

n= ND - NA

which is called "saturation range" (or "extrinsic range") in the
Arrhenius plot.
At very low temperatures, where n << NA (which automatically

fulfills n << Ny)), the expression for n becomes:

For the special case n > Na but n < Nps the corresponding

equation is:

1
NN £
n = (-D_C)Zexp D
2 2kT

From the above discussion, it is clear that:

(2.16)

(2.17)

(2.18)
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i) at sufficiently high temperatures, n will tend to be a constant
value since all the available electrons (ND - Ny) will be excited
into the conduction band;

ii) at an intermediate temperature range, the Arrhenius plot [in
(n or p) vs. 1/T] will yield a straight 1ine with slope - Ep/2k; and

iii) at very low temperatures, the same plot will yield a straight
line with slope - ED/k, and the concentration value where the slope
of the plot changes corresponds to the concentration of the
compensating impurities, NA'

The experimental apparatus for variable temperature Hall effect
used in this study consists of a cryogenic system (Lakeshore CT-310%)
that holds two samples between the poles of a magnet and automated
electronics controlled by an HP-85* computer for data collection. A
magnetié field of 3 kG and a variable sample current between 10"9
and 1072 A was used in the Hall voltage measurement. Details of the

Hall effect system used are explained elsewhere [58].

2.2 Infrared Absorption Spectroscopy

Electronic transitions of a bound electron or hole from a 1s
ground state to one of the p-like excited states of a QOnor or
acceptor impurity in semiconductors can be used to identify the
impurity species and to calculate the concentration of the impurity.
As explained in Chapter 1, the excited states of impurities in a
semiconductor are not affected by the impurity core and depend only on

the conduction and valence bands of the host. The ground state,



however, has an s-like wavefunction which greatly depends on the
particular impurity core and differs from one impurity to another.
Therefore, the series'of electronic dipole transitions from the ground
to one of the bound excited states of an impurity in a semiconductor
is particular to that impurity and can be used to identify the
impurity species. The absorption peak intensity in the spectrum
depends on the concentration of the impurity and this can be used to

determine the impurity concentration.

2.2.1 Photothermal Ionization Spectroscopy (PTIS) and Linear

Absorption Spectroscopy

There are two ways of performing the infrared spectroscopy:
photothermal ionization spectroscopy (PTIS) and linear absorption
spectroscopy. These two techniques are compared schematically in Fig.
2.3. In PTIS, the change in the conductivity of the sample due to
absorption of photons is recorded as a signal (the sample works as a
photoconductor) while in linear absorption spectroscopy, the intensity
of the beam transmitted through the sample is recorded by a separate
detector.

In a PTIS measurement, the incident photons with epergies
corresponding to precisely the energy difference between the ground
state and one of the bound excited states are absorbed by bound
carriers. The electrons (or holes) which are excited to one of the
higher lying bound states may be excited into the conduction (or

valence) band via absorption of a phonon. This two step ionization
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Fig. 2.3 Comparison of PTIS and absorption spectroscopy.

has a high probability because the second step is very small and the
phonon population can be optimized for it to occur. Any extra free
carriers in a band change the conductivity of the sample. This change
in conductivity is essentially the signal. The best spectra are
obtained in germanium at temperatures around ~ 6.5 K. (In PTIS
measurements, the absorption is detected as long as the carriers which
are excited into the conduction band produce a measurable change in
conductivity. The detection limit for shallow donors (acceptors) is

5

very low and has been estimated to be 10 em3 [59].



In standard absorption spectroscopy, the incident photons with
energies corresponding to one of the ground state to bound excited
state energy differences are absorbed by the bound carriers reducing
the intensity of the transmitted beam. This reduction correspondsvto
the signal. The measurement is performed at low temperatures where
NA - ND impurities are neutral (usually 4;2 K for germanium).

For the absorption to be detected, an amount of photons should be
removed from the incident flux which produces a signal in the detector
which is 1argef than the detector noise. The detection Timit of

absorption spectroscopy for shallow impurities lies around 1012

e,

In PTIS or absorption spectroscopy, the impurity is identified by
observing a series of absorption peaks at well defined energies.
Exact values for electronic transitions for all known impurities have
been reported [13,14,60,61]. A simple comparison of the position of
the absorption peaks with published data reveals the identity of an
impurity.

The absorption coefficient a is obtained from the relation between

the intensity of incident beam and that of the beam transmitted

through a sample:

I (1 - R)Ze“"d

Io - 1 _ R7e-2aT

(2.19)

considering multiple internal reflections. Here I and Io are the

intensities of transmitted and incident beams, respectively, R is the
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index of refraction (= 4 for germanium), and d is the sample

thickness. The linear absorption coefficient a is linearly
proportional to the concentration of the impurity that produces the

absorption:

a ~ oNI (2.20)

o is the absorption cross section and N is the impurity
concentration. From this simple relation, the impurity concentration
can be obtained by comparing the absorption coefficient of the

absorption peaks with known values.

2.2.2 Fourier Transform Spectroscopy

The IR spectroscopy method used in this study was Fourier
transform spectroscopy. This technique has many advantages over
conventional spectroscopy. We first consider the basic aspects of
Fourier transform spectroscopy.

Figure 2.4 shows the schematic of a Michelson interferometer. It
consists of a light source, beam splitters, a fixed mirror and a
movable mirror.

The changes in the beam intensity that occur as movable mirror
M1 is translated are measured with the mirror and detector
arrangement shown in the figure. In the hypothetical case of a
monochromatic light, the detector would record a intensity of

illumination which varies sinusoidally. If the wavenumber is vi and
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Fig. 2.4 Schematic of an interforemeter.

the combining beams are of equal amplitude, Al’ then the intensity
‘as a function of optical path difference 1 (= 2h, h is the distance

Mq travels) is given by:

1,,(1) = 4A§cosz(ﬂvl1) | (2.21)

This can be written as:

1.1(1) = 285[1 + cos(2mvy1)] (2.22)
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The intensity measured by the detector for light of spectral
intensity distribution B(v) is therefore given by:
o0
I(1) =/B(v)[l + cos(2nvl) ]Jdv (2.23)

- o0

omitting numerical factors. The integral can be written as:

1(1) =/B(v)dv +/B(v)cos(21rv1)dv (2.24)

When the two mirrors are exactly equidistant optically from the
beamsplitter, 1 = 0 and I(1) = I(0) = ZJ/.B(v)dv. Therefore we have:

-ob

1 « .
I(1) - EI(O) =fB(v)COS(21w])dv (2.25)

This is a cosine Fourier transform relationship and we can write:

- 1
B(v) =/[I(]) - =I(0) Jcos(2nv1)d1 (2.26)
- 2

This equation is often described as the basic equation of Fourier
transform spectroscopy. It enables the intensity spectrum, B(v), to
be calculated for each chosen value of v by performing‘the integration
on the right.

The measured change in the intensity of light, I(1) - (1/2)I1(0),

is cailed the "interferogram". Figure 2.5 shows an example of an

interferogram and the spectrum obtained by integration of that
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Fig. 2.5(a) An example of a measured interfeorgram of arsenic doped
germanium.

interferogram.

The advantages of Fourier'transform spectrometers arise from two
major concepts known as the Fellgett and Jacquinot advantages [62].
An interferometer receives information from the entirewfange of a
given spectrum during each time element of a scan, whereas a
conQentionaT grating spectrometer receives information from only the
very';;;row region which lies within the exit slit of the instrument.

Thus, the interferometer receives information about the entire

spectral range during an entire scan, while the grating instrument
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Fig. 2.5(b) Spectrum obtained by the integration of interferogram
shown in Fig. 2.5(a)

receives information only in a narrow band at a given time. This is a

statement of the Fellgett or multiplex advantage.

The interferometer can be operated with small f numbers or with
large solid angles at the source and detector with no strong
lTimitation on the resolution. This ability of interferometers to
collect large amounts of energy at high resolution was expressed by
Jacquinot as a throughput or etendue advantage of interferometers over

spectrometers.

In the real measurement of the absorption spectrum, one cannot



scan the mirror from minus infinity to plus infinity. Instead, the
movable mirror is scanned over a fixed dfstance. This limits the
resolution of the absorption peaks in the spectrum. The absorption
peak produced in the spectrum is the convolution between the natural
linewidth and the instrumental lineshape. The instrument has a finite
resolution because of the finite mirror merment and IR source size.
To calculate the resolution limit of the instrument, we first
consider the monochromatic source. The interferogram cannot be
scanned to infinity in a real measurement, but from 6§ = - L to § =

+ L. The basic equation now becomes:

L
|

B(v) = J [I(1) = =I(0)]cos(2%v1)d] (2.27)
2

Upon integrating:

Sin[Zﬂ(vl f v)L] . Sin[Zﬂ(vl - v)L]

B(v) = 2L (2.28)

2n(vl + )L Zn(vl - )L

By neglecting the first term which is much smaller than the second
term, we get the spectrum of a monochromatic source produced by
transforming an interferogram with a finite maximum optical path

'

displacement:

| B(v) ~ 2L(sin z)/z = 2Lsinc z (2.29)
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Fig. 2.6 Instrumental line shape function 2Lsinc z (1) and the same
function after apodization with a triangular function (2).

where

Z = Zﬂ(vl - v)L (2.20)

The above equation is the instrument line shape function (ILS). For a
monochromatic source, the line shape function produces a peak with a
width of 2r at zero intensity as shown in Fig. 2.6. Furthermore, the
peak has "sidelobes" or "feet" droping below zero by as much as 22

of the peak intensity. The "feet" would appear as a false source of



energy at the nearby wavelengths. We use "apodization" to reduce this
error. In this thesis work, a triangular apodization was used. We
multiply the interferogram with a triangular function f =1 - |sl/L.

We now obtain an instrument line shape function:

B(v) = Lsincz(-z—) - (2.31)

instead of equation 2.30. By this process, the width of the peak is
increased somewhat, but not seriously, and negative intensities
disappear as shown in Fig. 2.6.

| In deriving the insfrumeﬁtal resolution limit, we assume the
Rayleigh criterion which states that two resonances are resolved if
they are separated such that the peak of one resonance falls at the
first zero of the second resonance. The resolution limit for a
triangu1ar1y apodized interferogram using the Rayleigh criterion with

a phase difference of 2n is:

1
v' - vy = v =-— (2.32)
. L

i.e., the resolution of a Fourier transform spectrometer‘varies
11near1y4as the maximum optical path difference used to obtain the

interferogram.
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2.2.3 Experimental Set Up

We used the far-infrared Michelson interferometer with a mercury
arc lamp as the light source built by J. Kahn [63]. The maximum
moving distance of the mirror of the instrument is 25 cm which gives a
maximum resolution of 0.025 cm'1 (16 ueV).l The instrument can cover
a wavenumber range of 5 - 1000 cl,  The details of the
spectrometér used in this thesis work are explained elsewhere [63].

For the characterization of radiation defects and transmutated
impurities in NTD germanium, a special absorption rig was built. As
shown schematically in Fig. 2.7, it consists of a beam pipe, cold
spectral filters, rotating sample holder, a Winston cone [64], and a
detector in an integrating cavity. To measure several different
samples under the same conditions, the rig was desigﬁed tc hold up to
five samples which can be rotated into the measurement position. For
the spectral range required, a black polyethylene (8 mil thick) and a
homemade Yoshinaga-type low-pass filter (LiF powder + polyethylene)
[65,66] were used.

As we are mainly interested in the shallow impurities in
germanium, we used a stressed gallium doped germanium photoconductor
as a detector in the system [67]. This detector has alphotoconductive

1

response range of 50 ~ 250 cm * which covers all the shaliow

impurities/defects in germanium. The peak responsivity of the

detector is about 10 A/W at 60 cm'l

and to further improve the
signal-to-noise ratio, the detector was mounted in an integrating

cavity.
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Fig. 2.7 Schematic of IR rig used.in

stressed Ge:Ga
photoconductor
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our absorption spectroscopy.
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Fig. 2.8 Spectral response of stressed Ge:Ga photoconductor used in our
absorption spectroscopy.

Figure 2.8 shows the spectral response of the detector from 0 to

250 cm"1 with no sample in front of it. The photoconductive

response starts at around 50 cm'1

around 60 cm'l.

and sharply increases to a peak at
It slowly decreases as the wavenumber increases,

and at ~ 200 cm'1 it almost approaches zero. The 1/2 mil thick

mylar beam splitter used has its peak at 125 cm'1

1 and 250 eml. The lowpass filter has a cutoff at

and approaches
zero at 0 cm
about 200 cm"l. The decrease of the detector response at high

wavenumber region reflects the effect of all this optical system

combined. Figure 2.9 shows an absorption spectrum taken with a
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Fig. 2.9 A spectrum measured with a gallium doped germanium sample in
front of the detector.
germanium sample in front of the detector. The general shape of the
spectrum does not chénge, but we can see consbicuous absorption peaks
corresponding to photons absorbed by the excitations from the grouﬁd
state to one of the bound excited states of the impurity (in this case
gallium), designated as D, C, B and A lines after Joneé and Fisher
[61]. By determining the energies of the absorption peaks, the

impurity is easily identified as gallium. Because each shallow

impurity species produces many well defined absorption peaks, there is

a great amount of redundance in determining the impurity species. A

faulty identification is almost impossible, though some series of
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Fig. 2.10 Energy diagram showing a compensated semiconductor (a), and
the effect of bandedge light illumination (b).
absorption lines may be almost identical [60].
The strength of the absorption peaks is used to find the
concentration of the impurity. It will be discussed in section 3.2.1.
In compensated semiconductors, however, the absorption
measurement, 1like other electrical measurements, reveals only the
majority impurities. As shown in Fig. 2.10(a), all the minority
impurity levels and the same number of majority impurity levels are
ionized at all temperatures. Therefore, only NA - ND impurities

can contribute to the absorption. As we are interested in NTD
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germanium which is a compensated semiconductor, we wish to observe
both acceptors and donors at the same time. By using bandedge light
illumination, i.e., light with energy just enough to excite
electron-hole pairs across the bandgap of the semiconductor, it is
possible to make minority dopants accessible for IR absorption
spectroscopy [68]. The excess electrons ahd holes produced by
bandedge light neutralize all the ionized impurity levels and all the
impUrities will contribute to the absorption peaks. Figure 2.10(b)
shows this process. The effect of bandedge light on the absorption
measurement is shown in Figs. 2.11 and 2.12. In Fig. 2.11(a), an
absorption spectrum of a p-type germanium sample is shown. The sample
js gallium-doped germanium and the net acceptor concentration is 3 x
10}3 3 measured by Hall effect measurement at 77 K. When we

shine bandedge light on the sample, the spectrum shows additional
series of absorption peaks besides the ones of gallium. This is shown
in Fig. 2.11(b). The additional peaks are the absorption peaks of
lscﬁé (

arsenic donors with a concentration of about 3 x 10 as

obtained from Fig. 3.6 in section 3.2.1). Also, in Fig. 2.11(b), the
absorptjon peaks of gallium are stronger than those in Fig. 2.11(a)
because all the gallium impurity became neutral by the bandedge
light. The same effect in n-type germanium is shown in Fig. 2.12.
Here the total concentration of arsenic is 6 x 1013 cm! and the

concentration of the compensating impurity (gallium) is 3 x 1013

cm’3.
We used the high energy part of the radiation source (the mercury

arc lamp) as the bandedge light by putting the low-pass filter next to
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Fig. 2.11 Illustration of the effect of bandedge light illumination in
absorption spectroscopy of p-type germanium. (a) without
bandedge light, (b) with bandedge light.
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Fig. 2.12 I1lustration of the effect of bandedge light illumination in
absorption spectroscopy of n-type germanium. (a) without
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the sample. When we want to remove the bandedge light, we insert a
thin, pure germanium slice in front of the sample to cut off the

higher energy photons.

2.3 Deep Level Transient Spectroscopy (DLTS)

Deep level transient spectroscopy, introduced by Lang in 1974
[69], is based on the dependence of the emission rate of carriers from
deep traps on temperature and on the position of the energy level of
the trap in the bandgap. This method was successfully applied to the
study of deep levels in high purity germanium by Ha]ler,'gg.gl, [70]
and by Pearton [71], and is a very valuable technique in studying deep
levels in semiconductors.

In DLTS measurement, one measures repetitively, thermally
activated capacitance transients of a given time constant. The rate
of decay or recovery of capacitance transients caused by the emission
of trapped electrons or holes is compared with a standard recovery
waveform, which forms a rate window. The output of the electronic
processing instrumentation is a maximum when the experimental
transient falls within the rate window selected. A number of signal
processing schemes are possible, including use of a boxcar integrator,
lock-in amplifier or correlator.

DLTS requires the sample to be a p-n or Schottky diode. Bias
reduction pulses are applied periodically to the reverse biased
sample. Accordingly, the ionized traps in the depletion region of the

sample capture carriers during bias reduction and then emit carriers



53

CAPACITANCE
]
N
NN
ohbo
N NN
©

: , G,B‘ ]
~ 17 / 4
. /}/ 7, '/A.;: @
. al’
XBL 885-1815
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depletion region of sample. .
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with the full bias reapplied. The shallow traps react instantaneously
to the bias change but deep traps reemit carriers slowly with a time
constant after the pulsed bias is removed. As a result of this
process, a capacitance transient is produced in the samp]é and the
time dependence of the capacitance is measured by a high sensitivity,
fast transient response bridge. The procéss is shown schematically in
Fig. 2.13. In Fig. 2.13(a), the change of the bias and capacitance
with time is shown and in Fig. 2.13(b), corresponding changes inside
the depletion are shown.

In our study, a Miller correlator is used. This instrument
generates an exponential waveform whose decay rate is externally
controlled between 1 ms ~ 100 ms. The system temperature was
controlled by CfI model 21* closed cycle refrigerator and a heater
resistor. With this system, we could scan fhe temperature between

20 K ~ 400 K,
2.3.1 Calculation of Trap Energy

The time constant 7~ of the recovery of the sample capacitance

depends on the trap energy and temperature as:

g Ak
exp(—) (2.33)
o< V>N kT

T =

o = capture cross section of the trap for carriers, <v> = average
thermal velocity of the carrier at temperature T, g = degeneracy of

the trap (this is unknown for most deep levels and is assumed to be



2), N

density of states in conduction or valence band at temperature

T, aE = energy of the trap, and k = Boltzmann constant. The DLTS

response is measured for several different time constants. The
position (temperature) of the peak of deep levels changes as the time
constant is changed because the emission rate e (= 1/%) depends on the
temperature. A plot of In?T vs. 1/T will yield é straight line with
slope aE/k (for the simplest case and one trap present). We can
calculate the trap energy from the slope. The alternative for getting
the trap energy from a plot is to plot In (e/T2) vs. 1/T. In this
way, the temperature dependence of the pre-exponential factor. is
accounted for (as <v> ~ T1/2 and N ~ T3/2, the product of these

two terms yields Tz-dependence). In this study we plot 1In e/T2

vs. 1/T for trap energy calculations.
2.3.2 Trap Capture Cross Sections

_The‘capture cross section can be obtained in two ways. One is to
use the intercept in In% v.s. 1/T plot. The intercept in the plot
corresponds to In (g/o<v>N). <v> and N can be calculated with known
parameters at temperature T, and g is assumed to be 2. From the
intercept value obtained in the plot, o is easily calculated. Another
way of obtaining the value of o is to use the time dependence of trab
filling. The number of traps filled depends exponentially on the

pulse width (time) as:

-t
n(t) = NT[l - exp(;;)] (2.34)
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n(t) = number of traps filled for pulse width t, NT = trap
concentration, and 2= time constant of trap emission. The above

equation can be rewritten as:

Ny - n(t) = =t
= exp(—) (2.35)
N ~
T
or
Ny - n(t) -t
In = — (2.36)
N ¢ T
A plot of In [Ny - n(t)]/N; vs. t yields slope 1/ = o<v>n.
The cross section is:
o = (zevsn)~! (2.37)

where n is the doping density of the sample. The cross section values

obtained usually range 10714 ~ 10718 cp?

2.3.3 Trap Concentration

Due to the presence of deep traps in the depletion region, the
capacitance changes exponentially with time after the plused bias is
removed. The relation between the capacitance and the carrier

concentration is:



1
EE(ND - NA)]-Z-

—_— (2.38)
2(Vb1- + V)

C=1[

e is the dielectric constant, ND - NA is the net carrier

concentration, Vi i< the built in bias, and V is the applied bias.

When the deep trap has not been filled fully:

-t
ee(ND - NA - NTeXP(ig) %
[ ]
C(t) Z(Vbi + V) :
= i (2.39)
C ee(ND - NA) vl
R ]
2(V . + V)
or:
-t -t
C(t) ND - NA - NTexp(1;0 1 NTexp(——)_%
- [ = [1 - ———1°  (2.40)
' ND - NA ND - NA
If Ny << ND - NA, the equation becomes:
-t
c(t) 1 Nrexp(—)
—_— ] —_— \ (2.41)
or:
-t

_—— e —— (2.42)
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From this relation, the trap concentration is obtained as:

ACﬂ'la)(

Ny = 2 (Ny = N,) (2.43)

AC can be read from the oscilloscope, C is the reverse bias

capacitance, and ND - NA is the net doping concentration of the
sample. This equation applies only when N << ND - NA with one

majority deep trap present.

3. Results and Discussion

3.1 Hall Effect Measurements: Free-Carrier Concentration and Mobility

3.1.1 Determination of the Compensation Ratio of NTD Germanium

As a result of thermal neutron irradiation of germanium, three
different dopant elements are produced by transmutation: gallium,
arsenic, and selenium. As already explained in section 1.2.2, the
compensation ratio of NTD germanium for a specific reactor used can be
approximated by measuring the free carrier concentration of NTD
germanium as a function of time after neutron irradiation.

A more systematic way of calculating the exact compensation ratio
of NTD germanium was reported by Zabrodskii in 1981 [72]. He used the
radioactive decay equation to get the exact compensation ratio and the

half life of the gallium producing reaction.



As the arsenic producing reaction has a very short half-life (82.8
min), the reaction is very close to complete one day after neutron
irradiation. The selenium producing reaction has a half-life of 32.2
hours (dominant process) and about 5 days after neutron irradiation,
the reaction is over 90% completed. As the contribution of selenium
to the total number of donor is very small (~ 6%), the rest of the
reaction can be neglected. The net carrier concentration C as a

function of time after ~ 5 days can be described in good approximation
by:

In 2

p t)] - N (3.1)

C(t) = Ng,[1 - exp(- 0

When n- to p-type conversion of NTD germanium takes place at t = to,

C(t.) = 0 and the compensation ratio K is:

o)

N In 2

K=-221-exp(- —t)] (3.2)
T

NGa

By measuring the time for n- to p-type conversion of the NTD germanium
“sample after neutron irradiation, the compensation ratio can be
computed with equation 3.2.

We prepared two pure germanium slices with residﬁa1 acceptor

10 cm3. By choosing a very pure

concentrations of less than 10
germanium sample we can neglect the effect of the residual impurities
in the unirradiated sample. These slices were then irradiated with

neutrons with dose of 5 x 1014 cm'2 and 3 x 1015 cm'z,
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respectively at Berkeley Research Reactor [73]. At the central
thimble of the reactor the neutron flux is 4 x 1012 cni2 sec'l

at a reactor power of 100 kW. The first sample was irradiated for
2.08 min and the second sample was irradiated 12.5 min at 100 kW of
reactor power, respectively. The irradiation time required to get the
desired neutron fluence is negligible compéred to the time scale
(several days) over which we measure the carrier concentration of the
samp1es. The ratio of thermal neutron to fast neutron was 4.

Immediately after neutron irradiation, the slices were annealed at
400°C for 4 hr to remove the radiation damage. Precautions were taken
so that there is no contamination byvfast—diffusing copper during
annealing process. This is done by soaking the samples in a 10% KCN
in H20 solution for about 10 min after they have been polish etched
in HNO5:HF (3:1) solution and.then rinsed with deionized water. The
free carrier concentration of each sample was measured with a Hall
effect measurement at 77 K as a function of time after annealing. The
measurements were done about twice a day.

For samples in the n-type state (before the NTD germanium sample
changes into p-type, at about 6 days after neutron irradiation),
lithium-diffused contacts worked as good ohmic contacts. For samples
in the p-type state (after n- to p-type conversion), ipdiunpa]]oy
contacts worked satisfactorily.

Figure 3.1 shows the result of measurements‘from 3 to 15 days
after neutron irradiation. Also shown is the theoretical curve
calculated by using the cross section values from reference [26] which

gives a compensation ratio of 0.32. Both samples have n-type carriers
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Fig. 3.1 Measurement fo net carrier concentration of NTD germanium as
a function of time after neutron irradiation.
(mostly arsenic and some selenium) at first. But in the n-type region
of the measurement, one measures only the arsenic concentration
because selenium which is a deep double donor does not contribute
electrons at 77 K. This does not affect the measurement significantly
because of the very small contribution of selenium to the total donor
concentration. The n-type carrier concentration slowly decreases
because the donors are compensated by newly produced gallium
acceptors. 5.9 days after neutron irradiation, both samples are

exéct1y compensated, i.e., NA - ND = 0. After this time the

gallium acceptors slowly overcompensate the donors. As is shown, both
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curves meet at N = 0 on the x-axis meaning that there was no
contamination of any other impurity during annealing stage (see
discussions in section 1.2.2). By using equation 3.2 and the
half-1ife for the gallium producing reaction of 11.2 days, the
compensation ratio of NTD germanium irradiated at the Berkeley

Research Reactor is found to be 0.306 [74].
3.1.2 Free Carrier Concentration of NTD Germanium

The presence of radiation defects in NTD germanium can be detected
firstly by measuring the carrier concentration without removing the
radiation damage. The carrier concentration of a neutron irradiated,
unannéa]ed sample is much larger than that expected from-the thermal
neutron produced shallow impuritie$, Annealing the sample after
neutron irradiation decreases the carrier concentration. Figure 3.2
shows the net carrier concentrations of NTD germanium samples, neutron
irradiated and annealed at different temperatures for 1 hr. The
neutron irradiation was done at the Berkeley research reactor at room
'temperature and the total neutron dose was 2 x 10!5 cm2. Again
the cadmium ratio was 4. The carrier concentration was measured by
Hall effect at 77 K. Measurements were made from 12 tp 22 days after
neutron irradiation when the samples already converted into p-type to
show the presence of radiation defects more clearly. As shown in the
figure, the p-type carrier concentration of the sample annealed at
500°C [NTD(5)] increases as time passes meaning that 7OGe is still

in the process of transmutation into gallium impurity. The measured
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Fig. 3.2 Net carrier concentration of NTD germanium for different
annealing temperatures measured for several days after neutron
irradiation. X

carfier concentration is close to the calculated one given by the

solid curve and we conclude that most of the radiation damage has been

removed by annealing at 500°C for 1 hr.

The sample annealed at 400°C for 1 hr [NTD(4)] also shows the same
behavior with the concentration smaller than thaf of sémp]e annealed

at 500°C. It is believed that the sample annealed at 500°C may have

been contaminated by fast-diffusing copper during the annealing

stage. The maximum solid solubility of copper in germanium at 500°C

is about 1 x 1013 cm3 [75]. Each substitutional copper acceptor
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has three energy levels. At 77 K only the first hole can be ionized
from the E, + 43 meV level. Therefore, the maximum contribution of
holes from copper is expected to be about 1 x 1013 cm"3 at 77 K.

The difference in the carrier concentration of the sample annealed at
400°C and 500°C is about 5 x 10'2 cm3 which can easily be

explained by a small copper contamination.‘

The sample denoted NTD(0) which stands for "unannealed sample"
experienced some limited annealing during the contact fabrication
process. The sample was heated for 40 sec to 160°C which appears to
be negligible compared to the other annealing conditions. Thus this
"unannealed sample" serves as reference. The carrier concentration of
the unannealed sample shows a behavior totally different from_the
annealed samples. First of all, the net carrier concentration is much
highér (~ 3 x 1014 cm'3) than that of fully annealed (400°C or
500°C) samples. It also exceeds the calculated values. Furthermore
the carrier concentration does not change as time passes. We explain
this behavior with the presence of radiation defects. The fast
neutrons produce defect clusters and point defects by knocking
germanium atoms from their substitutional positions. The defect
clusters, vacancies, interstitials and defect-impurity complexes
contribute to the increased p-type carrier concentrati?n. As the
number of displaced germanium atoms produced by fast neutrons is very

3 displacements for each fast

large (on the average, we obtain 10
neutron knock-on), the concentration of this defect-related acceptors
is much higher than the concentration of gallium produced by

transmutation. Therefore, the measured net-carrier concentration of



the unannealed sample dose not change measurably with time because the
contribution of the growing gallium concentration to the total carrier
concentration is negligible.

The sample annealed at 300°C for 1 hr [NTD(3)] shows similar
behavior as the unannealed sample. The net carrier concentration has
been reduced to some extent (~ 1.5 «x 1014 Cm'3), but is still
higher than those of samples annealed at 400°C or 500°C. Also, the
carrier concentration does not change with time. At this temperature,
most simple defects, single vacancies and interstitialé, are believed
to be annihilated [48]. Defects present in the sample annealed at
300°C can be higher order complexes of vacancies and interstitials.

We estimate that annealing at 300°C for 1 hr removes about 50% of the
fast neutron produced radiation defects.

With our results we have shown that the radiation damage in NTD
germanium can be removed by annealing at or above 400°C and that the
concentration of the radiation defects is about 20 times higher than’
the resultant net-acceptor concentration.

A quantitative study of the removal of radiation defects by
annealing can be obtained by isochronal annealing. Fig. 3.3 shows the
change in the free carrier concentration of NTD germanium for
different annealing temperatures. The annealing tihe was 1 hr. From
thié figure we can conclude that annealing up to 150°C‘does not change
the concentration of free carriers at all. This means that the p;type
defects produced by irradiation at room temperature are stable up to

150°C. It has been reported that isolated single defects can move or

diffuse below room temperature [37,48,52] and those single defects are
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Concentration vs. Annealing Temperature
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Fig. 3.3 Effect of isochronal annealing on the net carrier

concentration of NTD germanium (annealing time is 1 hr).
believed to be annealed out already at room temperature. Therefore
the high acceptor concentration measured in the sample annealed up to
150°C must be due to more complicated defects. As the annealing
temperatUre is increased, the acceptor concentration decreases almost
linearly with annealing temperature. At an annealing temperature of
500°C, the acceptor concentration reaches a minimum which corresponds
to the net-doping concentration by NTD. Unlike the radiation defects
produced by light particles, such as energetic electrons or y rays,
the fast neutrdn damage anneals out only with high temperature

annealing which again shows that neutron-induced defects must be
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defect complexes.
'3.1.3 Free Carrier Mobility of NTD Germanium

The presence ofAradiation defects and the extent of recovery in
NTD germanium can also be observed by the change of carrier mobility
after neutron irradiation and annealing.

There are many factors that can affect the carrier mobility in
semiconductors. At high temperatures, the dominant factor in
determining carrier mobility is the scattering by phonons with a
dependence bf T'3/2 [76]. At low temperatures, scattering by
jonized or neutral impurities becomes dominant with a dependence of -
. In a Semiconductor with a large number of defects or
1mpurities,‘the carrier mobility is dominated by defects or impurities
even at 77 K. Therefore, by performing measurements of the carrier
mobility at 77 K after neutron irradiation, we can determine the
effect of radiation defects on mobility and the extent of removal of
the defects as evidenced by a mobility increase.

Figure 3.4 shows 77 K mobility values for NTD germanium after
annealing at different temperatures. As expected from the
considerations in section 3.1.2., the unannealed sample has the lowest
carrier mobility because of the Eadiation defects present in the
sample. As the samples are annealed at increasingly higher

temperatures, the carrier mobility increases and above 500°C, the

value saturates to a maximum. This confirms the annealing behavior

shown in Fig. 3.3.
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Fig. 3.4 Effect of isochronal annealing on the carrier mobility of NTD
germanium (annealing time is 1 hr). '

3.1.4 Freeze-Qut Curves of NTD Germanium with Radiation Defects

More detailed information about the radiation defects can be
obtained from variable temperature Hall effect measurements. From the
Arrhenius plot of the free carrier concentration vs. inverse
temperature, one can obtain the net-carrier concentration, the
ionization energy of the majority dopant and the concentration of
compensating impurities. Figure 3.5 shows the results of an
unannealed and a fully annealed (500°C) sample. The plot of the fully

annealed sample (a) shows the saturation region with net dopant
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Fig. 3.5 Result of variable temperature Hall effect measurement of
fully annealed (a) and unannealed (b) NTD germanium sample.
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concentration of 2.5 x 1013 an3. The curve starts to freeze out

at about 20 K. It shows the half-slope freeze-out of the gallium
acceptors followed by the full slope with the ionization energy of 11
meV in excellent agreement with reported value [60]. Here we cannot
clearly distinguish the half-slope region because of the high
compensation by arsenic donors. The same plot of the unannealed
sample (b) looks very different. There is almost no saturation region
at high temperatures and the acceptors with a maximum concentration of
4 x 1014 cm'3 start to freeze out at room temperature. Although

the freeze out curve seems to be a straight line with the ionization
energy of about 5 meV, it cannot be the freeze-out of one shallow
impurity because the temperature is far too high for freeze-out to
start. It can be explained as the freeze-out of a group of deep
acceptor levels (due to the radiation damage) which have a continuous,
broad range of energy levels. The freeze-out region, therefore,
consists of a superposition of many step-like freeze-out curves. More
details on these deep levels have been studied by DLTS as will be

discussed in section 3.3.

3.2 Infrared Absorption Spectroscopy

3.2.1 Calibration of Infrared Absorption Peaks of Shallow

Impurities in Germanium

The absorption coefficient a due to the electronic dipole

transitions is linearly dependent upon the carrier concentration of

|



the sample. IR absorption spectroscopy can be used as a quantitative

characterization tool in the study of semicondcutors. One can obtain
the concentration of dopant impurities of the sample with a proper
calibration.

The ratio between the intensity of the_incideﬁt and the
transmitted beam fhrough the sample is expressed ih equation 2.19.
Equation 2.19 is a general expression for the absorption process
incliuding the reflection at the surface of the sample leading to the
multiple internal reflections [77]. This equation is used to obtain
the absolute value of the absorption coefficient of a sample. In our
measurement, however; we are concerned with the absorption by
impurities in germanium. And the strength of the absorption peak is
actually compared with that of pure sample. Therefore, there is no
need to consider the reflection at the surface in the absorption
process. We use a simplified expression in the calculation of
absorption coefficient of impurities in germanium by setting R = Q in.

equation 3.3:

:—- = exp(-ad) (3.3)
0
We obtain the value of I/I0 from the absorption spéctrum. The
sample thickness d is measured. The absorption coefficient a is
calculated using equation 3.4. As the absorption coefficient a is
linearly proportional to the concentration of impurities (equation

2.20), a b]ot of a vs. the concentration of impurity meas ured
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Fig. 3.6 Plot of measured a vs. impurity concentration.

electrically should result in a straight line. The plot made from the
measurements of the samples with known impurity concentration is used
as a standard to get the concehtration of the impurities in unknown
samples. The slope of the line in the plot is the abssrption Cross
section o (equation 2.20) of the impurity.

We have measured the absorption spectrum of germanium standard

samples doped with arsenic, phosphorus, gallium, aluminum, and boron

with emphasis on arsenic and gallium doped germanium samples. The
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doping concentrations of these standard samples were measured with
Ha]]yeffect at 77 K. Figure 3.6 shows a plot of the absorption
coefficient vs. carrier concentration of germanium standard samples.
For group III aceptdrs, D-1ines were used in the calculation of a, and
for group V donors, ls » 2p* lines were used. The plot yields a
straight line for each impurity. The absorption cross section of
arsenic ls » 2p+ Tine derived from the slope in the plot is 6 x
10'13 cmz. The slope of gallium absorption coefficient is a
smaller than that of arsenic, meaning the smaller absorption cross
section. But from the lack of enough data, the value of absorption
cross section of other impurities is subject to large error. This
plot serves as standard for impurity concentration determination in

this thesis.

3.2.2 Absorption Spectra of NTD Germanium

As discussed earlier, IR absorption spectra taken with a bandedge
light enable us to observe simutaneously both types of impurities in a
sample. This technique is apb]ied to the investigation of NTD
germanium to find out the details about the electrically active
impurity species. \

The absorption spectrum of a neutron-irradiated sample which was
annealed at 500°C for 1 hr is shown in Fig. 3.7(a). The spectrum is
shown in the wavenumber range 62.5 ~ 125 eml (7.8 ~ 15.6 meV). As
expected, after full annealing, the absorption peaks of both arsenic

donors and gallium acceptors are visible. We cannot observe any other
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Fig. 3.7 IR absorption spectrum of annealed at 500°C (a) and unannealed

(b) NTD germanium sample.
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series of absorption peaks than those of gallium and arsenic. This

means that there is no electrically active radiation defect present in
the shallow energy range with sufficiently large concentration to be
seen in the spectrum (~ 101! cm'3).

The absorption spectrum of a neutron irradiated, unannealed
germanium sample is shown in Fig. 3.7(b). One obvious difference from
Fig. 3.7(a) is that absorption lines of transmutated gallium acceptors
are visible without annealing while no arsenic donor lines appear.
This means that gallium impurities are active acceptors without
annealing while the arsenic impurities are not shallow donors after
NTD. From the intensity of the absorption peak (here we used D-line
of gallium and 1s » 2p* line of arsenic for the calculation of
impur{ty concentration), it is found that the concentration of
electrically active gallium acceptor in both samples is the same to
within about 10%. Figure 3.8 shows the absorption spectra of an
unannealed sample measured several days after neutron irradiatibn.

The increase of the intensity of gallium acceptor peaks as time passes
is clearly visible. The value of a (D- and C-line) is plotted as a
function of time in Fig. 3.9. This again comfirms the observed fact
that gallium acceptors are electrically active without annealing.

Arsenic impurities in unannealed germanium samples are
electrically inactivé meaning that either they do not ;eside in
substitutional positions or they form complexes with radiatiqn defects
even if they are in the substitutional positions. There exists a

large amount of literature on donor-vacancy complexes in irradiated

germanium [40 ~ 44]. From the reported work, we conclude that all
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unannealed sample

7 days
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Fig. 3.8 IR absorption spectra of an unannealed NTD germanium sample
measured as a function of time after neutron irradiation.
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Fig. 3.9 Calculated a (from Fig. 3.8) vs. time after neutron
irradiation of unannealed NTD germanium sample.

group V impurities, including arsenic, form complexes with vacancies
and lose their donor property. These complexes can have energy levels
in the bandgap. As an example, divacancy-donor complexes, observed in
y irradiated n-type germanium by Mashovetz [44], are deep acceptors
with jonization energies near £, + 0.10 eV. If the complexes formed
in NTD germanium are the same as the divacancy-donor complexes in 'y
irradiated germanium, they would not show up in the absorption
spectrum because of their deep acceptof level properties.

From the above observations we can list several possible scenarios

about the evolution of transmutation produced impurities:
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i) transmutation produced gallium impurities do not recoil
sufficiently during decay process to become displaced from the
original host germanium lattice location, and therefore, are
electrically active acceptors;

ii) transmutation produced gallium impurities recoil during the
decay process but afterwards diffuse to substitutional positions where
they become electrically active acceptors;

ii1i) transmutation produced gallium impurities recoil away from
substitutional positions, but rapidly diffusing vacancies recombine
with the interstitial gallium forming substitutional gallium acceptors;

iv) transmutation produced arsenic impurities recoil from
substitutional pesitions thereby becoming electrically inactive;

v) transmutation produced arsenic impurities do (6r do not) recoil
during decay process but, unlike gallium impurities, form complexes
with radiation defects thereby losing their donor properties.

Using an elastic collision model, we can calculate the maximum
energy transferred between two particles colliding into each other (or
in this case, one particle splitting into two). When a particle with
mass m and energy E elastically collides with a particle with mass M
at rest as shown in Fig. 3.10, the maximum energy transferred from the

moving particle to the particle that was at rest is:

2E(E + 2mc?) G
T = 3.4
m Mc2

where ¢ is the speed of light (= 3 x 108 m/sec). With eguation 3.5,
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Fig. 3.10 Model for elastic collision of two moving particles.

we can ca]cd]ate thé recoil energies for the various decay reactions
in NTD germanium. The disp1écement energy of germanium atom has been
reported to be épproximate]y 27.5 éV [78]. Any reaction with a recoil
energy significantly greater than 27.5 eV can result in the
dislocation of transmutated atom from its lattice position. Table 3.1
shows the result of calculations and the 1ike1yhobd for recoil of the
transmutating isotopes. ' ; ‘ .

From the results shown in Table 3.1, we conclude that gallium
impurities do not recoil from their substifutiona] positions during
the transmutation process (except for those atoms directly knocked out
of substitutional position by fast neutrons) whereas arsenic and

selenium impurities do recoil from their substitutional positions.



Table 3.1 Recoil of transmutating atoms in NTD germanium

reaction emission Emax(MeV) Tmax(€Y) probability of recoil
Ge’l 5 6a’l 0.23 8.7 zero

Ge’S 5 As’® 8™ 1.19 75 high

Ge’” > se’? g 2.20 197 very high

This difference alone could explain the absence of absorption lines of
arsenic in the unannealed sample.

However, the NTD germanium samples studied in this work were
irradiated énd kept at room temperature for some period of time before
and during measurements. There is a possibility that the arsenic (and
selenium) impurities in the interstitial positions diffuse to the
substitutional positions at room temperature and become electrically -
active because they are highly mobile at room temperature as discussed
in section 1.2.3.2. It has also been reported that interstitials in
silicon can move and exchange positions with substitutional impurities
at temperatures as low as 4.2 K [79]. The same analogy may also work
for interstitials in gemanium, too. If this had happened to recoiled
arsenic impurities in NTD germanium kept at room temperature, there
would be absorption peaks of arsenic in the absorption spectrum of an
unannealed NTD germanium sample. But the absorption spectrum of

unannealed sample clearly shows that arsenic impurities are not
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electrically active meaning that arsenic impurities formed complexes

with radiation defects.

3.2.3 Absorption Spectra of Phosphorus-Doped, NTD Germanium

To verify if group V impurities in neutron irradiated germanium
become electrically inactive, we did an infrared absorption study of
neutron-irradiated, n-type germanium.

Slices were cut from a phosphorus-doped germanium single crystal
which was grown under nitrogen atmosphere. Crystals grown under a
hydrogen atmosphere were deliberately not chosen because it is well
known that hydrogen forms a wide variety of complexes with impurities
[80,81]. The phosphorus concentration was ~ 6 x 1013 cm‘3
measured by Hall effect at 77 K. The sample was sliced {nto several
1 mm thickness wafers, An absorption spectrum was recorded for a
sample before neutron irradiation to check the absorption lines from
phosphorus. Figure 3.11(a) is the absorption spectrum of the
phosphorus-doped germanium sample before neutron irradiation. The
absorption peaks of phosphorus are clearly visible. The spectrum was
taken under bandedge light illumination in order to be able to observe
majority and minority dopants simultaneously. The absorption peaks
from the compensating (minority) aluminum acceptors and other unknown
reéidual acceptors are also visible.

Several wafers were irradiated with neutrons at Berkeley Research
Reactor to introduce radiation defects along with transmutation

gallium, arsenic, and selenium. The neutron fluence was again 2 x
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Fig. 3.11 IR absorption spectrum of phosphorus-doped (a) and

phosphorus-doped, neutron-irradiated (b) germanium sample.
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1015 ¢m2 and the ratio of thermal to fast neutron was 4. After
the neutron irradiation, the sample was checked by Hall effect and IR
absorption measurements for different annealing conditions.

After neutron irradiation, the phosphorus absorption peaks are
absent while thoée of gallium appear [Fig. 3.11(b)]. We can also see
that the aluminum absorption peaks are not affected by neutron
irradiation, This means that the residual phosphorus as well as the
tranémutation prodﬁced arsenic donors form comp]e*es with radiation
defects and lose their donor property while acceptors do not.

Thevphosphorus and arsenic absorption peaks do not appear even
~ after annealing at 350°C for 1 hr within the sensivity limit of our IR
absorption setup (~ 1012 cm'3 for 1 mm thick sample). After
annéa]ing at 400°C the absorption peaks of group V donors begin to
appear and only after annealing at 450°C they reach ma*imum intensity
(Fig. 3.12). In Mashovetz's paper, the donor-divacancy complex in y
irradiated germanium dissocfated after annealing at 80°C for
phosphorus-related complex and at 120°C for arsenic-related one. It
has been reported that the annealing temperature required to remove
radiation damage in irradiated semiconductors is higher for heavier
particle irradiation [52]. The annealing temperature of the group )
donor-defects complexes in our study is also higher than that reported
for y irradiated germanium. We conclude that the compiexes formed in
NfD germanium may -not be the same defects as observed by Mashovetz but
the comp]exes between donor and 1arger.c1uster of vacancies. | |

It is still not clear if the complexes were formed between
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Fig. 3.12 The same sample as shown in Fig. 3.11(b) after annealing at
450 C for 1 hr.

vacancies and substitutional or interstitial donors. From the
disappearance of the absorption peaks of phosphorus after neutron
irradiation, we can draw several conclusions. It is not possible that
all the phosphorus atoms in substitutional positions are knocked out
“into the interstitial positions by fast neutrons. A sﬁal] fraction
might have been knocked out, but this fraction must be very low
considering the number of fast neutrons (~ 5 x 1014 cm'z).
However, the absorption spectrum of neutron irradiated and unannealed

sample [Fig. 3.12(b)] shows no absorption peaks of phosphorus as well

as those of arsenic (i.e., < ~ 5 x 1011 cm'3). Therefore we



conclude that donor-vacancy complexes are formed by the diffusion of
- vacancy to the substitutional donor atom. However, we are not sure if
the transmutation prdduced arsenic donors are in the interstitial
position or if they diffuse into the substitutional position by the
time they form the donor-vacancy complexes. The possibililty of
complex formation betweén vacanciesland interstitial donor atoms
cannot be ruled out.

From our results, however, we could not verify whether the complex
~was really a donor-divacancy or not. The details of the radiation
defects can be further investigated by DLTS (section 3.3) or other

sophisticated methods.

3.3 Deep Level Transient Spectroscopy

The DLTS technique was applied in the investigétion of radiation-
induced deep level defects in NTD germanium. The advantages of the
DLTS technique are that defect levels can be studied over a wide
energy range in the gap and that the relative concentration of the
defect levels can be determined. There are many publications
reporting radiation-induced deep levels in germanium [21,46,82 ~ 85].
Most of the reported work concentrates on revealing the deep-level |
defects in as-irradiated germanium samples. This has %mproved the
understanding of the nature of the radiation defects in germanium. In
this thesis work, we concentrate on the deep level defects which exist

after high temperature annealing (> 200°C).

DLTS samples are prepared by neutron irradiation followed by
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annealing at different temperatures. The measurements were done on
these samples to check the presence and the removal of deep level
defects in NTD germanium. Our measurement setup is capable of reading
temperatures between 20 ~ 400 K. We found that temperature ranges
between 20 K and 200 K is sufficient to cover all the deep levels in

NTD germanium.
3.3.1 Deep Level Defects in NTD Germanium (P-Type)

The same samples used in Hall effect measurement were also used
for DLTS measurements. Ohmic contacts were prepared by alloying a
small amount of indium on any of the corners (or the contacts used for
Hall effect measurement were used again). A p-n diode was made by
diffusing lithium (5 min, 250°C) on the other side of the sample.

Germanium samples annealed at 300°C and 500°C after neutron
irradiation are investigated. The sample annealed at 500°C is
supposed to have recovered from all the radiation defects while the
sample annealed at 300°C has not.

A DLTS spectfum of a sample annealed at 300°C for 1 hr after
neutron irradiation is shown in Fig. 3.13. Two DLTS peaks are
observed in the temperature range 20 ~ 300 K. These peaks are due to
hole traps with trap energies of 0.30 eV and 0.37 eV obtained from a
plot of 1n e/T vs. 1000/T (Fig. 3.14). The hole trap at E, +
0.30 eV is believed to be the same as the one reported at Ev + 0.31
eV peak by Fukuoka and Saito [82]. They observed this hole trap in 10

MeV electron irradiated germanium samples doped with indium and
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Fig. 3.13 DLTS spectrum of NTD germanium sample annealed at 300°C.
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gallium. This trap was proposed as a native defect complex which does

not contain an impurity atom as a component (i.e., a vacancy
cluster). The hole trap at E, + 0.37 eV was not observed by Fukuoka
and Saito but was reported by Palaio, et al [21] in NTD germanium.
The fact that the same trap was not observed in the work of Fukuoka
and Saito may be due to the different kinds of irradiation (neutrons
vvs. electrons).

Figure 3.15 shows the DLTS spectrum of the sample annealed at
500°C. Two hole traps are observed. The trap energies are 0.22 eV
and 0.30 eV as obtained from Fig. 3.16. The trap at Ev + 0.37 eV
that was observed in the sample annealed at 300°C is absent in this
spectrum. The trap at E, + 0.22 eV is the same trap as reported in
- Palaio, et al's work and is also reported as the trap at E, + 0.21
eV in Fukuoka and Saito's work [82]. Although there is a possibility
of contamination by the rapidly diffusing and highly so]ub]e copper
impurities at high temperature (500°C) we rule out this possibility
because we cannot find a peak corresponding to the first ionization of
copper (EV + 0.04 eV).

In both spectra in Figs. 3.13 and 3.15, the hole trap at Ev +
0.24 eV that was observed in indium doped germanium and also in some
n-type germanium (antimony and arsenic doped germanium) [83,84] is not
observed. |

The concentration of all the hole traps measured using equation
2.43 were very small (~ 1011 cm'3) and the absolute comparison of

concentration between different measurements were difficult. The

comparison was only made by comparing the relative intensities in the
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3.15 DLTS spectrum of NTD germanium sample annealed at 500°C.
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spectra.

The hole trap at Ev + 0.37 eV that is observed in the sample
annealed at 300°C is believed to dissociate by annealing at 500°C,
possibly increasing the concentration of the trap at Ev + 0.21 eV
while the concentration of the trap at Ey + 0.31 eV remains |
practically unchanged. The defect associated with the level at EV +
0.37 eV is thus believed to be a relatively simple complex which
dissociates by annealing at 500°C. It is, however, not clear what the
nature of E, + 0.22 eV level is and why it was absent in the sample
annealed at 300°C but appears after annealing at 500°C.

It should be noticed that, although the concentration is very low
(~ 1011 cm'3), two hole traps are present even after annealing at
temperature as high as 500°C. From the fact that these two traps
(EV + 0.21 eV and Ev + 0.31 eV) are present in the sample annealed
at 500°C, it is concluded that they are large and very stable

complexes.
3.3.2 N-Type germanium

ETecfron traps in NTD germanium usua]]ylcannot be observed because
the NTD process produces p-type germanium. To be ab]e‘to observe the
minority traps in DLTS measurement, one must inject electrons into the
sample by forward bias pulsing. We have not attempted this technique,
but we prepared n-type samples with concentrations high enough that
the NTD process did not convert the type of the sample, so that we

could study electron traps in NTD germanium.
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Fig. 3.17 DLTS spectra of n-type, NTD germanium samples annealed at
different temperatures.

Again, a phosphorus-doped, nitrogen atmosphere grown germanium
sample was used. We chose a slice with a phosphorus concentration of
5 x 1013 cm~3. We irradiated the sample with 2 x 1015 X
neutrons at the University of Missouri Research Reactor facility. The
neutron dose was chosen such that the resultant net-doping
concentration remained slightly n-type. The net doping concentration
measured with Hall effect at 77 K after NTD and annealing at different
temperatures ranged from 6 x 1012 en~3 to 2 x 1013 cm3
n-type.

DLTS samples were prepared by implanting phosphorus to form an

91



92

Trap Energy of N-Type NTD (250°C)
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Fig. 3.18(a) Plot of 1n e/T2 vs. 1000/T of n-type, NTD germanium
sample annealed at 250 C

ohmic contact and by implanting boron on the other side to form a

blocking contact. To assure good electrical and mechanical contact

during the measurement, both sides of the samples were sputtered with

5000 A of gold.

DLTS spectra for samples annealed at different teﬁperatures.are
shown in Fig. 3.17. Three peaks are observed in n-type NTD
germanium. These are electron trap energy levels at Ec - 0.09 eV,
Ec - 0.20 eV, and Ec - 0.35 eV as obtained from Fig. 3.18. The
traps at E. - 0.09 eV and E_ - 0.35 eV were also observed by

Nagesh and Farmer [48]. They proposed the EC - 0.09 eV level to be
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Fig. 3.18(b) Plot of 1n e/T2 vs. 1000/T of n-type, NTD Qermanium
sample annealed at 550 C.
a planar four-vacancy and Ec - 0.35 eV level to be a donor-vacancy
pair. The traps at Ec.- 0.17 eV (divacancy) and at Ec - 0.27 eV
(vacancy-oxygen pair) are absent in our spectra. Either these traps
were annealed out at high temperature (divacancy and/or vacancy-oxygen
pair) or the sample did not contain enough oxygen (vacancy-oxygen
pair). The Ec - 0.20 eV level which was not obsérved by Nagesh and
Farmer was observed by Fukuoka and Saito [85] in both antimony- and
arsenic-doped germanium after electron irradiation. The formation of
the level was.assumed not to be correlated with impurity atoms but

with vacancies or interstitial atoms. It is not clear why the same
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Trap Energy of N-Type NTD (700°C)
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Fig. 3.18(c) Plot of In euT2 vs. 1000/7 of n-type, NTD germanium-
sample annealed at 700°C.

trap was not observed in Nagesh and Farmer's work (phosphorus- and

antimony-doped germanium irradiated either with y or neutron, [46]).
As the annealing temperature is increased from 200°C to 700°C, the

peak intensity of Ec -~ 0.09 eV and Ec - 0.35 eV level decreases

relative to the peak intensity of Ec - 0.20 eV level. 'From this

annealing behavior, it is preliminarily concluded that the Ec - 0.20

eV Jevel is more stable than either the E. - 0.09 eV or the Ec -

0.35 eV level. It is remarkable that although the concentration is

011 c

very Tow (= 1 m‘3) all these levels are still present in a

sample annealed at 700°C for 1 hr.
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3.4 Direct Observation of Neutron-Induced Defects in Germanium

Using high resolution transmission electron microscopy,
neutron-induced defects in germanium were studied. As only a very
small area of the sample can be studied by the electron microscopy,
the density of radiation defects must be very high to be observed
directly. Fig. 3.19 shows micrograph of two samples neutron

15 cm_2 18 cm'2) and

irradiated (A, 2 x 10 and C, 3 x 10
annealed at 400°C for 4 hr (B and D, respectively). In the sample
irradiated with low dose of neutrons (A and B), we could not observe
any disordered region in the TEM sample. This is because of the low
density of disordered region (radiation defects) of the sample. 1In

018 2, however, small

the sample irradiated with 3 x 1 neutrons/cm
disordered regions are observed (dark circular areas). After
annealing, no disordered region could be found any more. As discussed
earlier, those vacancy clusters or interstitials dissociate by
annealing at 400°C.

High resolution micrograph of NTD germanium sample irradiated with

2 is shown in Fig. 3.20. A disordered region

3 x 108 neutrons/cm~
is c]ear]j shown. The region consists of many interstitials and
vacancies and the two-dimensional size of the disordered region is
estimated to be about 10 x 10 atomic spacings. The extent of

3 atomic spacings in

disordered region would be of the order of ~ 10
three-dimension, in accordance with the expectations with an estimated
value for fast neutron damage [36]. Also a dislocation produced by

the radiation is clearly visible in the figure. We could not,
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Fig. 3.19 Transmission electron micrographs of neutron irradiated
(A, 2x 10" ecm?and C, 3 x 10" cm™) and
annealed (B and D, respectively) germanium samples.
Annealing was done at 400°C for 4 hrs.
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Fig. 3.20 High resolution micrograph of germanium sample irradiated

with 3 x 108 neutrons/cm?.
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however, calculate the number density of the disordered regions in the

sample.

4. Summary and Conclusions

The compensation ratio of NTD germanium irradiated at Berkeley
Research Reactor has been experimentally determined to be 0.306. This
value is very close to the one reported in reference 26. A direct
determination of compensation ratio could be possible with well
‘ca1ibrated IR spectroscopy with bandedge light illumination is used.

By measuring the linear absorption coefficient a of shallow
impurities in germanium of known standard samples, a standard
calibration plot was obtained. The photoionization cross section of
arsenic donor in germanium has been determined to be 6 x 10'l3 cm2
from the slope of the plot. Due to the lack of enough data, we could
not obtain the photoionization cross section of other shallow
impurities.

The presence of neutron-induced defects in NTD germanium were
clearly shown by measuring the net-carrier concentration of unannealed
sample as a function of time after neutron irradiation. Annealing at
or above 400°C for 1 hr removed most of radiation defects in NTD
germanium,

It was directly shown by IR absorption spectroscopy with bandedge
light illumination that transmutation produced gallium acceptors are

electrically active without annealing while arsenic impurities are

not. From further evidence, we concluded that group V donors in



irradiated germanium readily form complexes with vacancies. The
complexes were formed between substitutional donors and vacancies. ‘
But the possibility of complex formation between interstitial donors

and vacancies was not ruled out. The detailed nature of these

complexes has not been identified.

By DLTS measurements, it was found that two hole traps with energy

levels at Ev + 0.21 eV and at Ev + 0.31 eV existed even after
annealing at 500°C for 1 hr in p-type NTD germanium. In n-type NTD
germanium, three electron traps with energy levels at Ec - 0.09 eV,

at EC - 0.20 eV, and ét Ec - 0.35 eV were present after annealing

at 700°C fpr 1 hr. The concentration of all these traps, however, was

very low (~ 1011 cm‘3)

The defect region in NTD germanium has been shown by high

resolution transmission electron microscopy. The size of disordered

3

region is of the order of 10° atomic spacings. After annealing at

400°C for 4 hr, the disordered region has disappeared.
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Part II: Development of Far-Infrared Detectors using NTD germanium

The Infrared Astronomical Satellite (IRAS) provided the first full
survey of the infrared sky. The large number of new discoveries,
including thousands of hitherto unknown galaxies, infrared-emitting
dust clouds, starbirths, etc, has led to an intense research and
development effort for future missions. The Space Infrared Telescope
Facility (SIRTF), a cooled, pointed space telescope, is currently
being planned by NASA.

In addition to satellite-based observations, astronomers also
employ high altitude ground-based and airborne infrared instruments.

The key elements in all such infrared observing ihstruments are
the infrared detectors. Therefore, there exists a continuous need for |
better infrared detectofscfrom the astrophysics community. In this
part we discuss the application of NTD germanium in the development of

far-infrared detectors.

5. Introduction to Infrared Detectors

Infrared detectors can be grouped into two classes by the physical
mechanism involved in the detection process. In one group, called
thermal detectors or bolometers, the heating effect of the incident
radiation causes a change in some electrical property of the
detector. In the other group, called photon or quantum detectors,
there is a direct interaction between the incident photons and the

electrons of the detector material. The response of a thermal



detector is proportional to the energy absorbed whereas that of a
photon detector is proportional to the number of photons absorbed.

The time constant of a thermal detector is usually a few
milliseconds or larger, so they are rarely used in applications that
~ require high data rates. One obvious advantage of thermal detectors
is that they work for any wavelength as 1on§ as the photons are
absorbed.

The response time of photon detectors can be made very short,
usually in the microsecond range, because of thé direct interaction

between the incident photons and the electrons of the detector

material. Most photon detectors have a detectivity that is one or two

orders of magnitude greater than that of thermal detectors. This
higher detectivity is obtained by cooling to cryogenic temperatures.
The spectral response of photon detectors, unlike that of thermal

detectors, is narrow and varies with wavelength,

6. NTD Germanium Bolometers

Thermal detectors that change their electrical resistance when
heated by incident radiation are called bolometers, i.e., the change
in conductivity due to a temperature changé of detector is used to
create a signal. When radiation is absorbed by the bolometer, the
temperature is increased and the temperature change in turn changes
the resistivity of the detector.

In 1800 Herschel developed a mercury thermometer which registered

an increased temperature when illuminated by infrared radiation [86].
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The term “bolometer" was firstly used by Langely [87] in 1880. He
made a'bolometer which consisted of a resistor made of fine platinum
wire. In 1961, Low [88] developed the first liquid helium cooled
semiconducting bolometer using highly doped, highly compensated
germanium. Lowering the operating temperatpre lowers the heat
capacity of the device, thus increasing the sensitivity. The spectral
response of such a device extends beyond 1000 um. Superconducting
bolometers such as SNS tunnel junction bolometer [89] and
superconducting transition edge bolometer [90] have also been
developed. However, the most popular bolometers are those made of
semiconductor because of; i) commercial availability, ii) the
straightforward electronics for operation, iii) ability to operate in
high magnetic fields, and iv) the exponential dependen;e of
resistivity on temperature. Recently, Lange et al [4] reported an
improved technique for fabricating NTD germanium composite bolometers
which consist of a small thermometer mounted on a larger absorbing
antenna (bismuth on sapphire). The antenna material has a lower heat
capacity than the semiconductor, and warms to a higher temperature
when irradiated. This induces a larger signal from the thermometer.
In their baper, implanted, metallized contacts were used to reduce 1/f
noise. '

The requirements for cryogenic bolometer materials are uniform
doping and high compensation. Also, the doping process should be
reproducible so that detectors of known behavior can consistently be
produced. NTD germanium satifies these requirements for bolometer

material and nowadays, many NTD germanium bolometers are being used



103

for various applications.

6.1 Basic Operation Mechanism

In the characterization of detectors, we usuaT]y compare the
responsivity and the noise equivalent power (NEP). The responsivity
is usually expressed as the signal output (current or voltage) per
unit incident radiation power. A more important figure of merit is
the NEP. NEP is the ultimate sensivity of a detector and is defined
‘as the incident power required to obtain a signal-to-noise ratio of
one per unit detection bandwidth (W//Hz). For the detection of weak
infrared sources, it is required that detectors have very low NEP's.

The basic thermal circuit of a bolometer is shown in Fig. 6.1.

The heat flow from the bolometer to the heat sink is given by:
nP = H(de/dt) + Ge (6.1)

where n = fraction of power absorbed (quantum efficiency), P =
incident radiation power, H = thermal mass of the detector, e =
temperature increase above the sink temperature T, and G = thermal
conductance of the link. If the radiation flux consists of a
continuous background camponent P° and a sinusoidally changing

signal component Pw, one can write:

PP+ Pmexp(jmt) (6.2)
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Fig. 6.1 Basic thermal circuit of a bolometer.

and we obtain:

1
o, = P (6% + uH?) H (6.3)
with the phase angle p between Pm and 8, '
o = tan~1(uH/G) (6.4)

The characteristic response time constant 2 can be defined by:



= H/G (6.5)

Typical values of % fall between milliseconds and seconds, illustrating
the slow response, which is one distinct disadvantage of thermal
detectors. |

The temperature coefficient a for the resistance Rb of a bolometer

is commonly defined by:

1 de i
a== (=2 (6.5)
Rb dT
with Rb = resistance and T = temperature. The voltage change VS
across the bolometer element can be written as:

with I = current passing through the bolometer. Using the expression

for 8, we find:

1
Vo = P (62 + H) ClaRy (6.8)
or in the form of a voltage responsivity S (V/W): |
v -
S = =% = nlaRy (6% + w%HY) (6.9)
P
W

This equation shows that to maximumize S, one wants to choose high
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values of a, Rb’ I and n. The bolometer resistance Rb can be made
veryllarge, but with the best amplifiers using cooled junction field
effect transistors, one obtains the best results with bolometers and
1oad resisfors of the order of 10° to 10802 [91].

The NEP is expressed as the rms sum of several independent terms:

4k TR
(NEP)? - 2

+ 4kT

G + 2kTgePp + (other terms) (6.10)
S

where TB is the background temperature, ¢ is the emissivity, and
PB is the background power (blackbody radiation) from a
Rayleigh-Jeans source at temperature TB' The first term represents
the square of the Johnson noise voltage across the bolometer of
resistance R at temperature T with the voltage responsivity S. The
second term is the thermal conductance noise due to random phonon
fluctuation through the thermal link between the heat sink and
bolometer. The third term arises from random fluctuations in the
background radiation of the detector at'temperature TB. A bolometer
is called "ideal" when the third term dominates the NEP. In practice,
however, the first and the second term cannot be made smaller than the
third or other terms.

To obtain a low NEP, bolometers are made verylsma]] to reduce the

heat capacity and are bperated at very low temperatures (< 4.2 K).

6.2 Detector Fabrication

In the cryogenic temperature range, the conduction mechanism of
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high]y doped, highly tompensated semiconductors is impurity "hopping"
conduction. The electrical conduction occurs via thermally activated
net transfer of carriers from filled to neighboring empty sites.
Therefore we can expect that small changes in the inter-impurity
distances (i.e., doping concentrations) and the compensation will lead
to large fluctuations in the resistance of &etector'material yfelding
a large difference in the detector performance. Changes within a
stice of melt doped semiconductor crystal can be too large to yield
more than a few suitable bolometer elements. This problem is easily
solved by using NTD germanium as a bolometer material. As already
discussed in Part I,_NTD germanium has very uniformly distributed
dopants, the doping concentration is reproducible, and is cdmpensated
with a fixed compensation ratio of 0.32.

We prepared several slices of ultra-pure germanium single crystal
grown at Lawrence Berkeley Laboratory. The concentration of residual
impurities was about 1010 cm'3. Even if there are-fluctuations in
the starting material, the doping concentration from NTD is much
higher than the residua1'impurity concentration and the resultant
doping is very uniform throughout the sample, The slices were
irradiated with neutrons at the Missouri Reﬁearch Reactor Facility
[92] with various doses of neutrons. As already explained,_the
resistance of the detector material should lie between 10° and 10851

at the operating temperature to yield a best match with the
electronic systems. By using different dose of neutrons we get
materials with different resistivities, enabling us to prepare

bolometer materials for different operating conditions. After neutron
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irradiation, the slices were stored until all the radioactive

reactions were complete and then annealed at 400°C for 6 hr in flowing
argon gas. To prevent the diffusion of copper into the sample during
the annealing stage, the samples were‘soaked in KCN solution for 10
min and cleaned with diSti]]ed water just before annealing. It has
been reported that soaking germanium samp1e$ in KCN solution before
annealing reduces surface contaminatibn with copper [93].

To prepare bolometers, a slice with desired thickness is cut from
the annealed sample. The slice is lapped, polish etched in HN03:HF
(3:1) solution and soaked in 1% HF solution to remove the oxide. The
slice is then implanted with boron (1 x 1014 at 25 keV and 2 x
1014 at 50 keV, step implant) on both sides to develope a
degenerately (metallically) doped layer on the surface; This layer
serves as a good ohmic contact. Then the sbrface was sputtéred with
200 A of palladium and 4000 A of gold to facilitate mechanically
strong electrical contacts to the final device.

Using either a wire saw or dicing saw, the processed slice is cut
to the desired final size (usually a cube with 0.3 mm long edge is
chosen for low heat capacity and easy handling). To remove the saw
damage of the final sample, the cubes are lightly etched in HN03:HF

(3:1) solution for 30 sec.

6.3 Resistivity Measurement

The first characterization of bolometer materials is the

resistivity measurement at cryogenic temperatures. By knowing the
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resistivity of the various NTD materials at different temperatures, we
can choose an optimum material for specific operating conditions.
Resistivity measurements of bolometers are performed by our co-workers
[94 - 96].

v Figure 6.2 shows the temperature dependence of the resistivity of
eight transmutation-doped germanium samples in the temperature range
4.2 K ~ 0.25 K. When plotting the logarithm of the resistivity as a
function of inverse absolute temperature down to such low temperatures
(Arrhenius plot, as done by Fritzsche and Cueva§ [2]), one finds that
the hopping regime deviates from a straight line [97]. A better fit
to straight lines is obtained by plotting the logarithm of the
resistivity as a function of the inverse square root of the abso]ute
tempgrature. Such a dependance for hopping conduction has been also
predicted by some theoretical models [98,99]. The result in Fig. 6.2

shows the relation:

!
47
p = ooexp(—) (6.11)
T :
where the constants Po and A are dependent on both the doping
concentration and the degree of compensation. As we are using NTD
germanium samples in this study, the compensation ratio is always_
0.32. Resistance measurements of three samples made of Nﬂ)#lz at
even lower temperatures (down to 50 mK) are shown in Fig. 6.3. Device
3 has a somewhat higher resistance than devices 1 and 2 because of a

difference in the sample geometry. However, the slope of the straight
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Table 6.1 Notations and Doping Concentrations of NTD Germanium

NTD n dose (cm’z) Nga (cm"3) Nas (cm'3) Nge (cm'3) Ny - Np (cm'3)

1 7.50 x 1016 2.2 x 101 6.3 x 101 4.1 x 10*3 1.5 x 1010
2 1.50 x 1017 4.4 x 10'5 1.3 x 1015 8.3 x 1013 3.0 x 1015
3 2.25x 107 6.6 x 108 1.9 x 1015 1.2 x 1084 4.5 x 101°
s 338 x 107 9.9 x 1085 2.8 x 10*5 1.9 x 1014 6.7 x 1015
5 7.50 x 1017 2.2 x 101 6.3 x 10}5 4.1 x 101 1.5 x 1016
6 1.88 x 101% 5.5 x 1016 1.6 x 1018 1.0 x 10!% 3.7 x 10'©
7 1.02 x 1017 3.0 x 1015 8.6 x 101* 5.6 x 1083 2.0 x 109
8  1.14 x 1017 3.4 x 10!% 9.6 x 1015 6.3 x 1013 2.3 x 1019
o 1.92x 10t 5.7 x10!% 1.6 x 1015 1.1 x 10** 3.8 x 10'°
10 9.25 x 107 2.7 x 10!® 7.8 x 1015 5.1x 16** 1.8 x 20'6
11 1.65 x 1018 4.9 x 101® 1.4 x 1016 9.1 x 10!* 3.3 x 10%°
12 3.33 x 10'8 9.8 x 1016 2.8 x 1016 1.8 x 101° 6.6 x 10'6
13 1.24 x 10'8 3.7 x 101® 1.0 x 1016 6.8 x 101 2.5 x 106
14 1.32 x 1088 3.9 x 1016 1.1 x 1016 7.3 x 10 2.6 x 1016
15  1.56 x 1018 4.5 x 10'6 1.3 x 10!® 8.5 x 10!% 3.1 x 1016
16 2.07 x 10® 6.1 x 1016 1.7 x 1016 1.1 x 10}° 4.1 x 10%O
17 2.4 x 101® 7.2 x 1016 2.0 x 1016 1.3 x 1015 4.9 x 1010
18 2.61 x 101% 7.7 x 10!6 2.2 x 10!® 1.4 x 101° 5.2 x 10%®

16 5.3 x10'% 1.5 x 10}° 5.5 x 101°

1046

19 2.75 x 1018 8.1 x 10
23 3.60 x 1018 1.0 x 107 3.0 x 10'6 2.0 x 16!° 7.2 x

18 1.1 %10 3.3 x10%6 2.2 x 10!% 7.8 x 1010
15 16

24 3.90 x 10

25 4.20 x 108 1.2 x 1017 3.5 x 1018 2.3 x 10}° 8.4 x 10
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Fig. 6.4 Resistivity range of NTD germanium bolometer materials.

line of each device is within ~ 5%. This also shows the linear
dependence of 1n p vs. T'llz. The deviation at the lowest

temperature region (below 100 mK) is assumed to be due to self heating
of the resistor. From Fig. 6.3 we expect that NTD 12 may have too
high a resistivity to be used below 40 mK. For application in the ~
20 mK range, we prepared three mbre heavily doped NTD germanium
samples (NTD 23, 24 and 25). Table 6.1 shows the notations and
doping concentrations of the various NTD germanium samples produced in

this study. In Fig. 6.4, the resistivity ranges are shown.
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Bolometers made from these materials have given excellent performances

in laboratory experiments [100] as well as in airborne astronomy (101].

6.4 Discussion on Hopping Conduction

In 1960, Fritzsche and Cuevas experimentally studied the impurity
conduction in semiconductors using NTD germanium [2]. The reason they
chose NTD germanium was that they could obtain uniform doping and a
fixed coﬁpensation ratio for samples doped to different
concentrations. They found that the resistivity of NTD germanium
depends linearly on the inverse absolute temperature in the hopping
regime. The activation energy of hopping (E3, derived from the
slope of the straight line in the hopping conduction range) was almost
independent of the doping concentration of the sampie, but the
preexponential factor, Pgs Was dependent upon the doping
concentration. The study was limited by the fixed compensation ratio
and the camparably high temperature region (300 K ~ 1.2'K). Miller
and Abrahams [102] used the network resistance model in calculating
the parameters of impurity conduction in p-type germanium (ND < 5 x
1013 cm'3, the overlap of neighboring wavefunction is small), and

showed that the'resistivity depends on temperature as:

- %l ra s E
o= Cr, " exp [1.09(2)%] exp(—) (6.12)
. a kT

1/3

where C is a constant, ry = (3/4"NA) is the average acceptor
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separation, a is analogous to the Bohr radius of the hydrogen 1-s wave
function. This relation is in accordance with Fritzsche and Cuevas'
results. The activation energy of hopping conduction calculated by

Miller and Abrahams is given by:

62 4N 1 1

E - (—)(-3—)3(1 - 1.3569) (6.13)

where ¢ is the dielectric constant, N is the concentration of majority
impurity, and K is the compensation ratio. This relation, again,
showed moderate agreement with Fritzsche and Cuevas' result.

There are two points to be considered from the above discussion.
One is that the activation energy of hopping conduction does not
depend on the dﬁping concentration or decrease with the doping
concentration. The other is the 1/T dependence of resistivity in the
hopping conduction regime. These two points are éontradictory to our
measurements shown in Figs. 6.2 and 6.3.

NTD germanium bolometer material can be considered as a disordered
system in which the electronic states are localized at the Fermi

1/4 for the DC

level. Mott'[103] derived the dependence Ino ~ T
conductivity for such a system assuming that the density of states
near the Fermi level is constant. This dependence of resistivity on
temperature also does not agree with our measurements.

Pollak [104] and Ambegackar et al [105] pointed out that electron-

electron Coulamb interaction should reduce the density of states near

the Fermi level. Efros and Shklovskii [98] have shown that the
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long-range Coulomb interaction diminishes the density of states in the

vicinity of the Fermi level in such a way that the density of states

approaches zero as:

g(E) ~ gld - 1'} (6.14)

or more rapidly if the energy approaches the Fermi level. Here, g(E)
is the density of states, E is the difference between the energy and
the Fermi level, and d is the space dimensionality. This Coulomb gap
plays an important role in the low temperature DC conductivity. For
the three dimensional case, the energy interval of width €y =
T3/4/a3/"'gé/4 is responsible for the hopping conductivity,

which obeys the Mott law (here a is the localization length). The
influence of the gap can be neglected if ey >> 8, i.e., T > TC =.
e4ago/52, ét such temperatures the Mott law is valid. If T <«

Tc the states within the Coulomb gap are particularly important.

Efros and Shklovskii obtained:

X
a(T) ~ exp[- (—:) ] (6.15)

where To = ezlea.

Our resistivity measurements of NTD germanium down toc low

temperatures (< 4.2 K) in Figs. 6.2 and 6.3 show that the plot of In p

T-1/2 yields a best fit in agreement with Efros and Shklovskii's

vS.
theory. Unlike from the data of Fritzsche, the slope of straight line

is different for different doping concentrations (but same
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Fig. 6.5 Plot of a vs. NA - Np obtained from Fig. 6.2.

compensation ratio). This is the expected result because the higher -
the doping concentration, the smaller the jumping distance of
carriers, and the more easily hopping conduction does occur.
Obtaining an activation forvhopping in such a plot is not
straightforward because the plot is not Arrhenius like (thermally
activated process). But the slope of the straight line in Fig. 6.2
(designated as a) should have a unit of temperature, or a/k should
have a unit of energy (here assumed to be the energy required for

" carriers to jump into the neighboring empty site).
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Fig. 6.6 Plot of E (= 8 x k) vs. interimpurity distance of NTD
germanium samples.

T'llz, we obtain a for concentration

From the plot of 1n p vs.
range 1013 em3 - 1016 cn~3. The values of a obtained from
Fig. 6.2 are plotted as a function of net doping concentration in Fig.
6.5. The plot yields a straight line approaching zero, as the doping
concentration increases and linearly increasing on the other end. But
in the region close to NA - ND = 0, the value cannot increase
beyond 11.3 meV which is the ionization energy of gallium acceptor in

germanium (if this value is somewhat related to the activation of

hopping or conduction). Hopping conduction is based on the hopping of



carriers'from occupied to empty sites. We can also calculate the
distances between the occupied and empty sites assuming the impurities
are extremely uniformly distributed. Figure 6.6 is a plot of E (= & x
k) vs. interimpurity diétance in NTD germanium.

Although the data obtained so far indicates that the resistivity
vs. temperature behavior of our samples shdws a very good fit to
Efros' theory, it is ambiguous to interprete the hopping conduction
mechanism from the results shown in Figs. 6.5 and 6.6 mainly because
the best plot is not Arrhenius-type. There is also a possibility that
there are several temperature ranges in the hopping conduction regime
So that the dependence of the resistivity on temperature shows
different behavior as in Pollak's paper [104]. If this is true, the
hopping conduction mechanism may vary for different temperature range

showing a different dependence of the resistivity on temperature.

To understand the hopping conduction mechanism more thoroughly, we

need to have more resistivity measurements of samples with large range

of doping concentrations and with different compensation ratios.

7. Far-Infrared Mixers

The bandgap energies and ionization energies of impurities in
semiconductors usually fall within the infrared wavelength range.
When a semiconductor absorbs photons with energies appropriate to
excite carriers into the conduction or valence band, the conductivity
of semiconductor changes and this change in conductivity is used to

create a signal. The photoconductivity of semiconductors is very
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useful in the detection of infraréd radiation. When the photons
absorbed by semiconductor excite electrons from the valence band to
the conduction band, the photoconductivity is called "intrinsic".
When the photons are absorbed in the process of exciting electrons
(n-type) or holes (p-type) from impurity levels, the photoconductivity
is called "extrinsic". Many extrinsic germanium photoconductors have
been developed that provide high sensitivity for infrared astronomical
observations [106]. State-of-the-art detectors have a sensitivity
close to the theoretical 1imit (background 1imited impurity
photoconductor, BLIP).

Extrinsic germanium phtoconductors exhibit good response for many
spectral lines from molecules in planetary atmospheres. But the

6 sec which

response speed of ordinary photoconductors (~ 107
correﬁponds to a bandwidth of 0.16 MHz) is not fast enough to detect
those narrow spectral lines which are very high frequency signals.

For example, the C02 line near 10 um and the OH line near 119 um

have linewidths of ~ 10'3 cm"1 (corresponds to 30 MHz of

bandwidth). In the high resolution study of such narrow spectral
lines, a heterodyne technique is used. In the heterodyne technique, a
signal radiation is mixed with the coherent output of a laser serving
as a local oscillator. This produces a difference frequency'spectrum
at radio freduencies. The much lower frequencies can Be amplified
with very little increases in noise. For efficient mixing, we neéd
high speed, square-law devices.

Extrinsic germanium photoconductors, which are square-law devices,

have shown excellent performance in the direct detection of
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far-infrared radiation. Therefore, we conducted a study of the
performance of gallium-doped germahium photoconductors as heterodyne
detectors. The response speed of a photoconductof can be increased by
an increase in compensation. The NTD process provides an excellent
way of introducing impurities into pure and doped semiconductors. We
chose NTD in combination with bulk doped gefmanium for the development
of a far-infrared ga]]ium;doped germaniqm photoconductive mixers.

Although the literature on copper-doped germanium (Ge:Cu)
heterodyne detectors is very extensive for C02 laser wavelengths
around 10.6 um [107,108], not much work has been done in the
far-infrared region (1 > 30 um). Only one paper describing mixer
performance of gallium-doped germanium (Ge:Ga) photoconductor at 118.6

um (water-vapor emission line) [109] has come to our attention. In

this work, the poor detector performance has been attributed to the
high intrinsic noise equivalent power (NEP) of the detector. In our
'studies, we have established a direct, quantitative correspondence
between semiconductor materials parameters (such as acceptor and donor
dopant concentrations) and heterodyne detector parameters such as

responsivity, NEP, and bandwidth.

7.1 Basic Operation Mechanisms

7.1.1 Photoconductors

Photoconductivity in extrinsically doped germanium is observed

when infrared photons are absorbed by neutral impurities. The latter
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Fig. 7.1 Schematic diagram of a photoconductor.

are ionized to create free carriers. These free carriers will change-
the conductivity of germanium, and the corresponding chénge in current
or voltage, the signal, is amplified. The relationship between

ionization energy EI and threshold wavelength A is: |

hc

A

E (7.1)

I

where h is Planck's constant and c is the speed of light.

Figure 7.1 shows the schematic of a photoconductor. A carrier is

"



set free by the absorption of incident photons and drifts towards the
contact electrode. If it does not recombine until it arrives at the
e]ectrdde, it js immediately replaced with a carrier injected at the

opposite electrode. The overall distance a carrier travels is:
1=2uE (7.2)

where T is the carrier lifetime, u is the carrier mobility, and E is
the applied electric field. The photoconductive gain G is defined as

the average distance a carrier travels divided by the interelectrode

distance L:
6=1/L=2/T=1ruE/L (7.3)

where T is transit time for carriers to drift across thev
photoconductor.

When a photoconductor is exposed to a beam of incident radiation
of power P, modulated at angular frequenﬁy w, & photocurrent I is

induced:

P enG
I = 1 (7.4)

hv (l*mz)
‘where h = Planck's constant, v = frequency (= w/2r), e = electron
charge, and n = quantum efficiency (number of carriers produced

divided by number of incident photons). In characterizing the
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performance of photoconductors, we use responsivity and noise
equivalent power (NEP).

The responsivity is the response (in current or voltage) of the

detector per unit power of incident photons:
R = (e/hv)Gn (A/W) (7.5)
The NEP is the u]timate sensivity of a detector and is defined as

the signal power required to get a signal-to-noise ratio of unity per

unit detection bandwidth. This can be expressed as:

P
NEP = ——— (W/JAZ) (7.6)
(S/N) J=-

where PS is the signal power, S/N is the signal-to-noise ratio.

In the detection of a signal there is unavoidablie noise due to the
fluctuation of photons from the background radiation called photon
noise. Detector whose noise is dominated by this background noise is
called BLIP (background limited impurity photoconductor) detector and

the minimum detectable power is:

1
P hvB)z '

b
Py = 2

(7.7)
n

where Pb is the background radiation power and B is the detection

bandwidth.
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7.1.2 Mixers

Extrinsic photoconductors used tp detect iﬁfrared and
submillimeter radiation are square law devices: their voltage output
is proportional to the radiation power input [110]. If a detector of
this type is exposed to two beams of radiafion of similar wavelength,
the detector voltage will oscillate at a frequency (v1 - vz) with

amplitude proportional to (PlPZ)l/2

» where Vis Vo and Pl'
P2 are the frequencies and the powers of the two beams,
respectively. The heterodyne detector's main function is this
conversion of signals from high (IR) frequencies down to frequencies
which can be amplified easily and filtered with good signal-to-noise
ratio. |

The classical heterodyne theory is as follows; when two
electromagnetic waves with different frequencies arrive at the
square-law device, the total electric field E, is:

Ey = Elcos(mlt) + Ejcos(uwyt + p) (7.8)

and the response R of the detector is proportional to EE:

Ry~ E% = E%cosz(mlt) + g%COSZ(wzt)

+ ElEZCOS(wl - wz)t + E1E2COS(w1 + wz)t (7.9)

Here we assume that the speed of the detector cannot follow the signal

at double (first and second term) and sum (last term) frequencies.
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Therefore, the response of the detector is proportional to the third

term in the above equation which has a frequency (wl - wz). In

this measurement system, we mix the signal radiation with a coherent
output of a local oscillator. The local oscillator is a local
IR-source (typically a FIR laser). The difference (or intermediate)
frequency signal is proportional to the prdduct of both signals, i.e.,
high local oscillator power leads to a large intermediate frequency
signal. Also we convert the signal frequency to a fréquency range in
which we have good amplifiers. Now the mean-sqhared IF (intermediate

frequency) current is [110]:

.2 ..
1p = 2i i

2n2G2e2
—thT PLOPS (7010)

where iLO = signal current due to local oscillator power, is =

signal current, n = quantum efficiency, G = photoconductive gain, e =
electron charge, h = Planck's constant, v = frequency, PLO = local
oscillator power, and PS = incident signal power. The mean-squared

noise current is:

P B  4kT. B :
iﬁ - 4%y L0+ L (7.11)
h\J RL

where B is the detection bandwidth, T, = temperature of the

resistor, RL = resistance of the load resistor. The first term is



the G-R noise due to the laser local oscillator and the second term is

the noise of the detector and load resistor assembly. The ideal
heterodyne detector system is the one in which the noise is dominated

by G-R noise from the LO power. For this system to be quantum G-R

noise limited:

kTth

P n > (7.12)
LO GieanL

and the minimum detectable power is:

(7.13)

7.2 Detector Fabrication

For the heterodyne measurement technique we need a high speed
(1arge bandwidth), square-law detector. Ordinary photoconductors have
carrier lifetimes of about 10’6 seconds. Such a lifetime
corresponds to a bandwidth of 0.16 MHz; The spectral lines from
planetary atmospheres have linewidth ~ 10"3‘cm“1 which corresponds
to about 30 MHz of bandwidth, many times larger than the bandwidth of
a regular photoconductor. Gallium-doped germanium (GeEGa)
photoconductors show high responsivity around 100 um which would
facillitate mixing the spectral line fram the OH molecule (118 um)
with a stable, strong laser line available at 118.8 um from the

optically pumped CH3OH laser.
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The main requirements of a good heterodyné detector are; i) large
recombination bandwidth (B ~ 1/%, % = carrier recombination time),
ii) high quantum efficiency n for better sensitity, and iii) short
interelectrode distance for large photoconductive gain G.

The principal way of obtaining large bandwidth detectors is to
reduce the carrier lifetime by increasing the number of recombination
centers. If we iﬁcrease the number of the compensating impurities,
the concentration of empty (i.e., ionized) centers increases and these
ionized éenters act as recambination centers for majority carriers.
Unfortunately, the compensation reduces the responsivity of the
detector by decreasing the carrier lifetime and mobility. In the
heterodyne measurement, however, the signal radiation is mixed with
strong laser local oscillator and resultant signal power is increased
as PLOPS“

High quantum efficiency of a detector can be obtained by the use
of an integrating cavity and high doping concentration of detector
material (high absorption of photons due to the presence of many
neutral impurities). A cylindrical integrating cavity was used in the
measurements of detector performances throughout this study. The high
limit of doping concentration of a detector material is set by the
signal-to-noise ratio consideration. The use of a high power local
oscillator will enable us to increase the doping concentration.

The photoconductive gain G can be increased by using a short
interelectrode distance as expected fram equation (7.3). The detector
thickness is limited by the convenience of handling and the

consideration of absorbing area of incident photons (i.e., quantum



efficiency).
7.2.1 Single Crystal Growth

To achieve a certain compensation in a semiconductor, we can
incorporate both n- and p-type impurities during the crysta] growth
stage of detecfor material. This method is somewhat unpredictable
making it difficult to get the desfred doping concentration and
compensation ratio at the same time. We used the NTD technique to
counter-dope germanium samples. A germanium single crystal was grown
doped with n-type impurity (phosphorus). P-type impurity (gallium)
were then incorporated by the NTD process. This technique is
reproducible and the desired compensation ratio of a germanium sample
is easily obtained.

The gallium concentration of our detector covered three ranges: 3
X 1014 Cm"3 (series 20), 6 x 1014 cm3 (series 21), and 1 x
1015 cm°3 (series 22) with compensation ratios ranging between
0.32 and 0.8. As NTD produces acceptors (gallium) and donors (arsenic
and ﬁelenium) in the ratio of about 3:1 in germanium, we grew an
n-type single crystal (phosphorus-doped) rather than p-type to get the
maximum range of compensation ratio.

Doping of a germanium single crystal is usually aéhieved by adding
a small amount of master-alloy (heavily doped germanium crystal) to
the melt. Because of the segregation of solute atoms in the melt, a
single crystal does not have a uniform concentration of impurities but

has a concentration profile along the crystal axis. The segregation
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coefficient depends on the properties of the impurities. In most

cases, the resultant doping concentration of the crystal is not
exactly the same as calculated, and is more often determined
empirically. The equilibrium ségregation coefficient ko of
phosphorus in germanium is known as ~ 0.08. When one grows a single
crystal from a doped melt, however, the equilibrium condition is not
met because the crystal is pulled at finite speed. This results in a
deviation from the equilibrium condition, and the efféctive
segregation coefficient is different from the equilibrium segregation
coefficient. The effective segregation coefficient of phosphorus in
germanium is 0.25 determined empirically for our regular growth
conditions. Using this value we can predict the doping profile from
the head to the tail of the single crystal.

14 cm‘3 of

We wanted to have a doping concentration of 10
phosphorus at the center of the crystal. The overall doping

concentration is obtained from the normal freezing equation [111]:

k-1
C(9) = kCo(1 - g) (7.14)

where Cs(g) is the concentration of the crystal at solidification g,
k is the effective segregation coefficient of solute (assumed 0.25 for

phosphorus), and Co is the overall concentration of s¢lute

14 cm-3

throughout the crystal. By putting €s(0.5) = 10 , we

obtain C = 2.38 x 1014 em3.  The doping concentration of the
phosphorus master-alloy is 2 x 1018 cm'3. For a charge of 800 g

of pure germanium, we need 0.095 g of master-alloy to obtain the mean
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Fig. 7.2 Concentration profile of phosphorus-doped germanium single
crystal 729.

melt concentration of 2.38 x 1014 cm'3. The expected

concentration profile is as shown in Fig. 7.2.

Precaution is needed when growing phosphorus-doped germanium
because phosphorus has a high vapor pressure. In orqer to retain
phosphorus in the crystal growth stage, the phosphorus-doped master
alloy is placed at the top of the solid, polycrystalline charge so
that it melts last. The concentration of cdmpensating acceptor \

impurities in this crystal was estimated to be 1x1012cm'3 as
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determined from variable temperature Hall effect measurements (Fig.

7.3).
7.2.2 Neutron Transmutation Doping (Counter Doping)

Neutron transmutation doping (NTD)'was hsed to add further dopants
(acceptors) to several 1 mm thick wafers of this crystal. NTD of
germanium produces gallium acceptors and arsenic and selenium donors.
By producing more gallium than the sum of the resultant donors, we
have produced three series of samples with each series having a fixea

acceptor concentration and varying amounts of compensating impurities
(donors). To obtain gallium concentrations of ~ 3.2 x 1014 cm'3
(series 20), ~ 6.4 x 1014 cm"3 (series 21), and ~ 1 x 1015

cm"3 (séries 22), we need thermal neutron doses of 1 x 1016

2

cm'z, 2 x 1016 cm'z, and 3.4 x 1016 cm ©, respectively.

With those doses of thermal neutrons, we also obtain 9.6 x 1013

cm’3. 1.8 x 1014 cm'3, and 3 «x 1014 cm'3 donors for series

20, 21 and 22, respectively.

3

Slices with phosphorus concentration between 5 x 101_3 cm ° and

2 x 1014 cm~3 were taken to obtain the desired final donor
concentration between 1.4 x 104 cm3 and 5 x 1014 en3 so
that the compensation ratio changes between 0.32 and 018. Final
concentrations of our samples are given in Table 7.1. |

After NTD, germanium wafers were annealed at 400°C for 6 hrs in
flowing Ar gas to remove the radiation damage caused mainly by fast

neutrons and to activate impurities.
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7.2.3 Contact Preparation and Size of Detectors

Ohmic contacts on these p-type detector material were produced by
implantation with boron (1x10}4cm=2 at 25kv and 2x10l%cm2 at
50kV). These implant doses lead to degenerately (i.e., metallically)
doped contact areas. 200 A of Pd and 8000 A of Au were sputtered on
the implanted surface.

The photoconductive gain G of a detector is inversely proportional
to the interelectrode distance L (i.e., thickness of detector).

Figure 7.4 shows the effect of detector thickness on responsivity.
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Fig. 7.4 Effect of thickness on responsivity (detector#108-18).
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Table 7.1

Doping Concentrations of Samp]es(cm'3)

Series Sample As Grown ﬂig Final
20  496-5.5(20)  ~ 101 3x10t4 9.6x1013  3x10%4 9.6x1i0!3

729-6.0(20) 5.0x1013  3x10!% g.ex10!3  3x10!? 1.4x1014

729-9.0(20) 8.0x10}3  3x10!% 9.6x10'®  3x10t* 1.8x10
729-13.0(20)  1.0x10'%  3x10!? g.ex10!d  3x10t4 2.0x10!4

14

21 729-6.4(21) s.ox1083  exiol® 1.ex10l®  ex104 2.4x10'4
729-9.4(21)  8.0x10'3  exiol* 1l.ox10t®  ex10!® 2.7x10M4
729-14.6(21) 1.5x10'%  ex10l® 1.9x101%  ex101% 3.4x10M4

22 729-6.4(22) s5.0x10t  1x10!® 3.2x10f 1xa0!® 3.7x10
729-9.4(22) 8.0x10%  1x10'5 3.2x10t*  1x10'® 4.0x10%

720-14.6(22) 1.5x10%% 1101 3.2x10t®  1x10!® 4.7x10t4

729-17.0(22) 2.0x10'*  1x10!% 3.2x10'*  1x10td s.2x20tt

The detector geometry was 3 x 1 x t o

mm2 surfaces. The responsivity of the 0.3 mm thick sample shows the

with electrodes on the 3 x 1

higher responsivity than that of the 0.7 mm thick sample. However,
the 0.1 mm thick sample shows responsivity values much lower than
those of the thicker samples. This is believed to be due to the very
small absorbing area of the sample. The 0.3 mm thick sampjé showed

the highest responsivity, but it is quite difficult to handle. The
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detector thickness was therefore chosen to be 0.5 mm compromising

between the optimum responsivity and the ease of handling.

7.3 Measurement of Detector Performance

7.3.1 Direct Photoconductivity Measurements

Current responsivity, which is proportional to the product of
quantum efficiency n and photoconductive gain G; was measured with
direct (incoherent) detection at A = 93 um (near the peak of the Ge:Ga
spectral responsé) by use of a liquid-helium temperature cooled
narrow-band filter. Through this filter, the detector receives
radiation from a 300 K blackbody chopped at 20 Hz against a 77 K
blackbody. The total background incident on the detectors in this
case was approximately 10'13 W.

The dewar used for photoconductivity measurement was obtained from
Infrared Laboratories (Model HD3), Tucson, Arizona. It consists of a
1iquid helium space with a volume of approximately 1 liter shielded
with a liquid nitrogen jacket. Vacuum space provides thermal
insulation. The detector, cavity, and filter train are mounted in a
light-tight box which is mounted to a thick copper plate which is in
contact with the liquid helium bath. The fi1tefs were|fabricated and
characterized in Professor Charles Townes' group by Dan Watson of the
Physics Department, U.C. Berkeley [112]. Table 7.2 contains the
descriptions and measured transmission for filters which were used for

testing at 93 um. This filter was designed so that a g coincides

pea
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F1g 7.5 Schematic diagram of transimpedence amplifier circuit used in
the photoconductivity measurements.
approximately with the peak of the spectral response of a Ge:Ga
photoconductor. The filters are independently mounted along the
optical axis on sliding baffles and are heat sunk direét]y to the
copper plate by two screws and pure indihm foil. This system provides
the condition for infrared astronomy of low”background (lO6 ~ 10lo
photons/sec). |

The detector is located inside its integrating cavity at the far

end of the box. The use of the integrating cavity increases the
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quantum efficiency. The temperature of the detector and its

surroundings is monitored by a 1 klAllen-Bradley carbon composite
resistor. The resistor is enclosed in a small copper block and heat
sunk to the copper plate.

The photoconductor signal is amplified by a standard
transimpedance amplifier shown in Fig. 7.5. The input stage consists
of two matched junction FETs (J230). The JFETs are located inside a
light-tight copper housing with glass feed-throughs which are opaque
to FIR radiation. They are mounted off the He temperature plate on a
thin wall fiberglass tube. A 1 kL Allen-Bradley resistor is glued
with epoxy resin to the JFETs. A constant voltage applied across the
resistor together with the power dissipated by the JFETs keeps fhe
operating temperature at approximately 77 K. The feedback resistor
conneéting the output to the gate is an Eltec Model 102 resistor with
a room temperature resistance of 101012. The resistance increases
to 2.35 x 101011 when cooled to 4.2 K. The voltage drop measured
across the feedback resistor (i.e., output voltage) is divided by the
feedback resistance to obtain the value of the current flow through
the detector under a fjxed bias. The output signal from the
transimpedance amplifier is fed directly into a lock-in amplifier (EG
& G, Model 116) to measurable rms value of the chopped signal. Noise
measurements are obtained with the aid of a Hewlett-Packard Model
3582A Fast Fourier Transform spectrum analyzer.

It has been reported that the optimum concentration of shallow
impurity in an extrinsic germanium photoconductor is = 2 x 1014

cm'3. Our detectors are, however, doped more heavily (with high



Table 7.2

Filter Characteristics

A (peak) Filter Components Transmission Bandwidth Q
63 um Fabry=-Perot (m/2aAF WHM)
0.5 mm KC1

93.2 ym 1.0 mm BaF 27% 1.05 um 140

2
2 mil black polyethylene
1 monolayer 6-12 um diamond dust

7 mg Zn0

compensation ratio) than the optimum concentration to increase fhe
recombination bandwidth and therefore showed low responsivity and
large dark current. In Fig. 7.6, the responsivfty and NEP of
729-14.6(21) detector at 93 um are shown. The maximum responsivity
is about 1 A/W near breakdown. This value is more than an order of
magnitude smaller than that of state-of-the-art gallium-doped
germanium photoconductor [106]. This is the result of short carrier
recombjnation time (due to high compensation) and low carrier drift
mobility. NEP value of the detector is in the range ~ 10'14 W/ Hz
which is about two orders of magnitude greater than the theoreticél
limit. This is mainly due to the presence of large dark current
caused by hopping conduction [113]. For the most heavily doped
detectors (22-series), the noise associated with the dark current due

to hopping conduction overwhelmed the photocurrent and it was
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Fig. 7.6 Responsivity and NEP of detector #729-14.6(21) at 93 um.

impossible to get any signal at the low-background condition (~

10713 W) because of the low signal-to-noise ratio. In the case of
detector 729-9.4(22), for example, the shot-like noise due to hopping
conduction was about five times larger than the signal. A simple
estimate agrees well with our experimental result. From the measured
value of dark current IDC the rms noise current I, for unit

detection bandwidth can be calculated as:

12 . Gelp8 (7.19)
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Fig. 7.7 Dark voltage of #729-94.(22) measured with 1092 1oad

resistor.

where e is the electron charge (= 1.6)(10'19 C) and B is the

detection bandwidth. Figure 7.7 is the dark voltage of #729-9.4(22)

measured with IOQIL load resistor. At 400 mV bias, IDC =

6.6x1077 A, and we obtain I = 3.2x10714 A for unit bahdwidth.

The photon signal current is:

ane  aneyt
Isa——.
T L

with an = (P , i.e., the number of photogenerated

signallh“)

(7.20)
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carriers. T is the transit time for carriers across the electrode, u

is the mobility and E is the applied electric field. At A = 93 um,

1, and with the measured value of u =

Psignal/h“ = 4.8x107 sec”
5x103 cm2/Vsec, estimated 72 of about 10-9 sec, and E = 400

mV/0.05 cm = 8 V/cm, we obtain Iy = 6.,1)(10"15 A resulting in

I/1, = 1.9x107L.

The direct photoconductivity measurements of 22-series detectors
were, therefore, performed with increased incident flux by removing
the Fabry-Perot narrowband filter from the filter train. The incident
photons are limited by the absorption edge of the detector material (-
120 um) at the low energy end and by the cut-off of the lowpass filter
at the high energy end (~ 80 um) as shown schematically in Fié. 7.8.
The calibration factor was obtained by measuring the increase in thé
signal of detector 729-6.0(20) éfter removing the Fabry-Perot filter.
From the increase in the signal (Fig. 7.9), the calibration factor was
determined to be 30. The 22-series detectors were then measured
without the Fabry-Perot filter, and the measured signal output value
was divided by 30 to obtain the responsivity. In the heterodyne
measurement with a laser power of about 1 mW, however, the
intermediate frequency (IF) signal power is increased by about five
orders of magnitude [PIF¢<J3:;F; = J10'13 x 1073 w = 1078

Wo>> 10713 w (PS)] and the signal to noise ratio reaches 10

4

considering only the noise from the hopping conduction.
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Fig. 7.8 Schematic showing the spectral range of incident radiation
n the measurement of 22-series photoconductors.
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Fig. 7.9 Responsivity of detector 729-6.0(20) (with Fabry-Perot) and

the increase of output signal of the same detector by removing
the Fabry-Perot filter.
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.7.3.2 Heterodyne Measurements

The heterddyne measurement was performed in colaboration with Drs.
D. M. Watson and E. N. Grossman at the California Institute of
Technology [114]. Photoconductive gain and carrier lifetime for each
detector was measured with the use of a far-infrared heterodyne
receiver. This device, illustrated in Fig. 7.10, is described in
detail elsewhere [115]. Briefly, the receiver consists of a
photoconductor, a 80 um lowpass filter and a low-noise 1 ~ 100 MHz
GaASFET amplifier mounted in a liquid helium dewar. Local oscillator
power is provided by a far-infrared laser sideband generator, in which
the output of an optically-pumped far-infrared molecular laser is
coupled to an ultra-low-capacitance GaAs Schottky diode via a
long-wire antenna and a corner-cube reflector. Tunable
radio-frequency power is also injected into the Schottky diode, with
the result that the diode and antenna reradiate all of the mixing
products of the two frequencies, including two sidebands separatea
from the laser line frequency by the radio frequency. Normally, one
of these tunable sidebands is selected by a polarizing Michelson
interferometer - Fabry-Perot interferometer combination to serve as
the local oscillator. For this experiment, however, tunable
low-frequency (1 ~ 100 MHz) sidebands on the 118.8 um line of methanol
were generated with the Fabry-Perot removed and the polarizing
Michelson tuned to zero patﬁ difference. The detector was thus
illuminated with sidebands and laser carrier, the latter having

sufficient power to drive the detector impedance low enough that the
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critical frequency for 1/2«RC was higher than all other frequencies of

interest. The rolloff of the photo—detected beat signal as a function
of Schottky diode drive frequency thus gives the carrier lifetime T

directly: T = 2"/“c’ where v_ is the frequency at which the beat

c
power is lowered by 3 dB than its power at low frequencies. By
illuminating the detector with unmodulated laser light, the noise
caused by photo-generation and recombination of holes ("G-R" noise)
was also observed. The rolloff of the G-R noise provides another
measure of the carrier lifetime. Lifetimes determined by these two
methods were found to be identical. Derivation of the photoconductive
‘gain from these data follow either from G =¥/t, where t = L/uE is the
hole transit time, or from the low-frequency G-R noise via PG-R'=
4GefDCRB, where IDC is the detected photocurrent, R is the

detector impedance, and B is the bandwidth of the measurement. Using
derived values of G, the quantum efficiency n is obtained from the
current responsivity.

"It is ambiguous to distinguish the low-frequency region from
rolloff region in the measured power spectrum. Therefore, it was
difficult to find the -3 dB point in the signallpower vs. [F frequency
plot. The recombination time of carriers were obtained by obtaining a
best Lorentzian fit of the measured power spectrum. Figure 7.11 shows

the method of Lorentzian fit used to get the recambination bandwidth

and photoconductive gain in heterodyne measurement.
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Fig. 7.11 Example of Lorentzian fit of measured signal power vs. IF
frequency.

7.4 Discussion of Results

Four separate experiments were carried out to determine the
fundamental device parameters, quantum efficiency, photoconductive
gain, and carrier lifetime in each photoconductor. In all cases, the
detectors were mounted in cylindrical integrating c..ities and were

held at 4.2 K.

Figure 7.12 shows the result of modulation bandwidth vs. bias

field for detector 496-5.5. The indicated error bars are somewhat
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Fig. 7.12 Field dependence of the recombination bandwidth of detector
496-5.5(20).

conservative estimates of the range err which a good fit of the.data

to a single Lorentzian could be obtained. The rolloff in bandwidth at

high bias is due to the reduction in recombination cross section that

occurs as the carrier temperature Th is elevated above the lattice

temperature (hot carriers). A crude theoretical argument leads to the

1

expectation that the recombination bandwidth should vary as B ~

E‘3/2 in the hot carrier regime and be independent of E in the
thermalized regime. According to the original “giant trap" thoery of
Lax [116], the recombination cross section varies with mean carrier
- U-2 - T;Z ~ v}4 (vT is the

kinetic energy U as 9
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thermal carrier velocity). Thus, the recombination bandwidth is

expected to vary as:

3
B-NcV"NT-f (7.15)
T DT D'h y

where ND is the concentration of ionized acceptors. In the
thermalized (low bias) regime, Th is equal to the lattice
temperature, independent of field. In the hot carrier regime, the
relation between vy and bias field is given by equating the rate at
which energy is imparted to the carriers by the bias field with the
rate at which energy is lost via inelastic (i.e., acoustic phonon) .

collisions [117]. Thus:

1, v
eEv, = (-m*vi)(—T) ' (7.16)
2 1

where 1i is the inelastic mean free path. The drift velocity V4
is limited by ionized impurity scattering (an elastic process) and is
<< vp. It is given by the acceleration due to the field over an

elastic scattering time:

] 1
(=) (7.17)

<
u
Blm
#| ™
5

Combining (7.16) and (7.17), one finds that 12 0 Ellz, or Th ~
E. Thus, from equation (7.15), the theoretical expectation is that B

~ £73/2 i the hot carrier regime, and is independent of E in the



thermalized regime.

As shown in Fig. 7.12, such a dependence fits Our.data very well,
One of the main reason for our wanting to determine the dependence of
bandwidth on bias is to be able to normalize B(Ny), the bandwidth
vs. compensating impurity concentration, to a single value of
E/Ebr' Physically, the bandwidth in the low bias limit, where the
carriers are thermalized, would be the moﬁt fundamehtal quantity to
examine. However, the low bias limit is not the regime in which the
photoconductors are used in practical applications, nor is it a region
in which we can, with our techniques, measure the bandwidth with any
accuracy (In both cases, the responsivity is too low). Therefore, we
have normalized all our bandwidth measuréments to a bias E = 0.8E,,
using the empirical approximation of B ~ E'l described above. The
bandwidths were actually measured at biases that varied from about G.7
to 0.95 times the breakdown field, so this normalization never
amounted to more than about a 15% correction. the results of our
measurements, using both the modulation and the G-R noise techniques,
are shown in Fig. 7.13. It is clear that the two techniques employed
‘to measure the bandwidth agree fairly well. The series 22 detectors-
have the highest bandwidth of all the deteétors we have measured. As
expected from equation (7.15), there is an approximately linear
relation between bandwidth and donor (compensating impurity)
concentration. The slope of the relation is a measure of the

recombination cross section:
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Fig. 7.13 Measured recombination of detectors.

1
B(Nn) . B(N,) 3kT,. 2
0p = — D (—h (7.18)
NDvT ND m
Taking Th = 4.2 K we obtain o, = 3.2 x 10"13 cm2. This is a

slight overestimate of the cross section at the true carrier
temperature [because of the T%/Z conversion factor in equation
(7.18)]_but an underestimate of the cross section at 4.2 K (because of

the steep rolloff of cross section with temperature). Based on the
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" Fig. 7.14 Measured responsivity values at 93 um and 119 um.

measured bias dependence of bandwidth in Fig. 7.13, we do not expect

the bandwidth, and therefore o., in the thermalized regime (i.e., at

re
4.2 K) to be more than perhaps a factor of two greater than our
present determination, however. Comparing with the theories discussed
earlier, it is clear that our data favor the Brown and Rodriguez
result [118]. However, to be fair, we note that since we do not know
for certain the true carrier temperature in our experiments, the

extremely steep dependence of o. on temperature may be used to make

r
any of the theories fit the measured cross section.

Figure 7.14 shows the 93 uym and 119 um responsivity measurements,
The plotted values were measured at slightly different bias fram 0.7

to 0.95 times the breakdown voltage of the various respective

[ 23



detectors. The 93 um measurements show a steep falloff in
'responsivity as ND,is increased. If n is approximately the same for
all the detectors at 93 um (since this is well shortward of the
photoconductive edge in germanium), then this failoff reflects the
decline in photoconductive gain at high compensating impurity
concentration. Such a decline is expected,'partly due to the reauced
recombination lifetime, and partly due to increased ionized impurity
scattering ahd therefore reduced carrier mobility. Our measured Hall
mobilities indeed show such a decline, falling from 2.5 x 104
cmz/Vsec for detector 729-6.0(20) to 3000 cmZ/VSec for

729-14.6(21). The 119 um responsivities also show a falloff at high

doping concentrations, but it is not nearly such a steep one as that of

the 93 um responsivities. This may be understood in terms of impurity
wavefunction overlap at high doping concentrations, whose existence is
implied by the existence of signifiqant dark currents. Evidently, as
the doping level is raised, the photoconductive gain falls off as
indicated by the 93 um responsivity, but an increase in quantum
efficiency due to broadening of the photoconductive edge partially
compensates for this, so that the falloff in 119 um responsivity is
not so steep. As mentioned earlier, the absolute value of the 119 um
responsivity is highly uncertain due to the pyroelectric detector's
absolute calibration. Therefore, even though some of Sur measurements
apparently indicate that S(93 um) > S(119 um), these measurements do
not affect this interpretation.

The photoconductive gains we have derived from the amplitude of

the G-R noise are shown in Table 7.3. As discussed earlier, they are



subject to significant uncertainties that do not affect gur other
data. The typical values, in the range of 0.0l ~ 0.03, are more than
an order of magnitude lower than those of typical detectors optimized
"~ for direct detection. In addition, there is a decline in measured
photoconductive gain with increasing ND, but it is not nearly as
fast as that of the 93 um responsivity, which, as discussed above,
should track G. Indeed, the rolloff in the measured G is, at the
level of uncertainty in the data, no faster than that of S(119 um).
This discrepancy in the rate at which G and S(93 um) decline with Ny
is the basic inconsistency between our different sets of data. It
depends heavily on the measured 93 um responsivities of the two most

highly doped (22 series) detectors. As discussed earlier, these are

Table 7.3

Photoconductive Gain Derived from G-R Noise

Detector (nsec) Ebias(V/cm) 6= (iz)/4e1‘DC
496-5.5(20) _ 10.0 5.5 .021
729-6.0(20) 1.4 9.8 .032
729-13.0(20)  9.36 15 .028
729-9.4(21) 4.30 12 .025
729-9.4(22) 3.20 18 .022
729-14.6(22) 2.65 20 .015

729-17.0(22) 2.65 25 .0l4
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more uncertain than the other 93 um reSponsivities because they were
measuréd in a more pobr]y characterized configuration, without the
Fabry-Perot narrowband filter. In sum, although there is clearly a
rolloff in photoconductive gain, and therefore in responsivity, with
increasing concentration of compensating impurities, our data are

ambiguous regarding how fast the rolloff is.

8. Summary and Concluéions

NTD germanium is used as a material for cryogenic bolometers
because of its unique characteristics: uniform distribution of dopant
impurities and reproducibility with same compensation ratio regradiess -
of the doping concentration. Bolometers made of NTD germanium in LBL
h&ve been used in many areas and have shown excellent performances.
Our resistivity data of NTD germanium‘in the hopping conduction range
showed that the resistivity depends upon temperature as p = P oEXP (-
A/T)2 in accordance with the theoretical prediction of Efros and
Shklovskii. However, we cannot rule out the possibility of other
temperature dependences of resistivity because our measurements were
performed.for the concentration variations of one order of magnitude
(1016 ~ 1017 cm'3) and for a fixed compensation ratio of 0.32.
Impurity conduction mechanism in highly-doped, highly-compensated
semiconductors can be further understood by having data of samples
with different compensation ratios and with large variation of doping
concentrations,

NTD germanium has also been applied in the development of FIR
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heterodyne mixers. A n-type gefmaniun single crystal was grown and
NTD technique was ueed to add more acceptors (gallium) into several
slices of n-type single crystal. As a result of NTD, we obtained
three series of detectors with each series having a fixed acceptor
concentration and varying donor (compenéating impurity)
concentraions. Ge:Ga photoconductive mixers with recombination
bandwidths as high as 60 MHz have been directly measured. The
dependence of bandwidth on bias field of 496-5.5(20) detector is
consistent with previous measurements of very lightly ddped n-type
material, and with theoretical expectations for the recombination
‘cross section in the hot-carrier regime. At a given fraction of
breakdown voltage (corresponding in practice to a normal operating
point) mixer bandwfdth varies approximately linearly with the
concentration of compensating donors, regradless of the concentration
of acceptors. The slope of the relation yields a recombination cross

section of o, (4.2 K) = 3.2 x 10'13 cm?

. There is a marked
rolloff in photoconductive gain and responsivity at higher impurity
concentrations.

These results indicate that Ge:Ga mixers can be fabricated with
relatively large bandwidths. The increased bandwidth is obtained at
the expense of lower photoconductive gain and responsivity, however.
In heterodyne app]icatioﬁs, the LO power required in order to obtain
ideal performance (i.e., LO induced G-R noise greater than other
instrumental sources of noise) increases with the square of

photoconductive gain. Thus, increased bandwidth is obtained at the

price of greater required LO power. Optimization of a heterodyne
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system thus involves a compromise between desired bandwidth and

available LO power.
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